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INTRODUCTION OF DISSERTATION

Pulsed electric field (PEF) technology applies short, intense electrical
pulses to biological materials. When cells are exposed to an external electric
field, ions redistribute along the membrane surface. This charges the
membrane like a capacitor and generates an induced transmembrane potential
that adds to the resting potential. When this induced voltage exceeds a critical
threshold (often reported in the ~0.2-1.0 V range depending on conditions),
water molecule penetration induces lipid bilayer structural rearrangement that
can expand into hydrophilic pores [1,2]. These pores permit passage of
otherwise excluded molecules, producing membrane permeabilization.
Depending on pore number, size, and cellular repair capacity,
permeabilization can be transient (reversible) or progress toward irreversible
dysfunction and death [3,4].

This controllable permeabilization has enabled broad PEF implementation
across fields. In food processing, PEF has become an established industrial
tool, routinely applied for large-scale operations (e.g., potato processing) [5].
In medicine, pulsed field ablation and electrochemotherapy have reached
clinical implementation, supported by standardized treatment protocols and
regulatory approval [6,7]. In biotechnology, PEF is used for molecular
delivery and to enhance recovery of intracellular products from
microorganisms [8]. Despite this broad adoption, understanding of the
underlying mechanisms has progressed at very different rates across fields.

Mechanistic understanding has advanced furthest in medical applications,
where the need for predictable outcomes and safety justification has driven
detailed work on membrane charging, intracellular targeting, and cell death
pathways. Food processing followed a different trajectory. While a solid
theoretical basis for electroporation exists, recent reviews continue to note that
the mechanisms responsible for microbial inactivation are not fully
understood [9,10]. Biotechnology applications, including microalgae
processing, remain even more strongly empirical. Treatment parameters are
often optimized experimentally, with limited attention to the specific cellular
structures affected or the pathways leading from electrical exposure to
biological outcome [11]. This imbalance has practical consequences. Without
a mechanistic framework, it is difficult to predict organism-specific responses,
to design treatments targeting defined cellular components, or to rationally
combine PEF with complementary technologies.

Microalgae occupy a distinctive position within this landscape. Beyond
their established role as biotechnological production platforms, they are
increasingly developed as food and feed ingredients and as sources of



functional compounds (e.g., protein fractions, natural pigments, and omega-3
lipids), placing microalgal biomass in a processing context where PEF is
already valued as a mild, scalable food technology [8,12]. Two decades of
research have demonstrated what PEF treatment can achieve in microalgae:
enhanced extraction of intracellular, food-relevant compounds, pilot-scale
continuous processing, and cascade approaches enabling recovery of multiple
products from a single biomass stream [13—18]. Post-treatment incubation is
frequently reported to increase extraction yields further and is commonly
attributed to enzymatic autolysis following cell death, although the enzymes
and processes involved remain poorly defined [19-21]. This delay implies that
the electrical pulse often initiates a biological execution process that unfolds
over time, yet the steps controlling that execution remain poorly resolved.
Despite these advances, the physiological responses of microalgal cells to PEF
remain insufficiently understood, particularly with respect to intracellular
damage and post-treatment degradation dynamics.

Beyond application relevance, microalgae represent a challenging and, at
the same time, informative biological system for studying electric field effects.
They combine eukaryotic cellular organization with rigid cell walls, large
membrane-bound organelles, and cultivation under conditions that range from
axenic monocultures to complex microbial communities[22,23]. Their
dominant chloroplast occupies a substantial fraction of cell volume and
contains elaborate thylakoid membrane networks [22,24] with high protein
density and a lipid composition distinct from both plasma membranes and
mitochondria [25,26]. These features create electrical boundary conditions
that differ fundamentally from those of mammalian cells, where most
mechanistic electroporation paradigms were developed. As such, microalgae
are not simply another application target; they provide a stringent test of how
well existing electrophysiological concepts generalize to photosynthetic
systems.

This dissertation examines PEF effects across three organizational scales
of microalgal systems: the photosynthetic apparatus, the individual cell, and
mixed microbial populations. These are not independent topics, but different
observational scales of the same physical interaction between electric fields
and living matter. At each scale, current frameworks leave key questions
unresolved.

At the organellar scale, PEF effects on the photosynthetic machinery
remain poorly characterized, even though chloroplast activity is central to
cellular energy supply and redox homeostasis and can therefore shape
downstream recovery, viability, and post-treatment degradation dynamics
[27]. Reported observations after PEF exposure include reduced
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photosynthetic performance [28], structural alterations of thylakoid
organization [29], and changes in chloroplast-associated gene expression [30].
Taken together, these findings indicate that the photosynthetic apparatus is
affected, yet they do not resolve whether dysfunction arises from direct
electrical interaction with chloroplast membranes or indirectly from plasma
membrane permeabilization and subsequent cytosolic imbalance. Chapter 1
therefore uses chlorophyll optical assays, including time-resolved
fluorescence lifetime measurements, as non-invasive probes to link PEF-
induced photosynthetic impairment with membrane permeabilization
dynamics in Chlorella vulgaris.

At the cellular scale, PEF-induced permeabilization is well documented
[1], but the pore formation itself is not a purely electrical event. Pulse delivery
generates reactive oxygen and nitrogen species through electrochemical
reactions in the surrounding liquid [31]. These species can increase membrane
permeability independently of the transmembrane potential [32—34]. Whether
this oxidative component actively shapes downstream biological execution, or
simply accompanies it, cannot be determined under standard PEF conditions,
where electrical and oxidative inputs cannot be varied independently. Cold
atmospheric plasma offers a means to address this directly. As a controllable
external ROS source, it allows oxidative load to be systematically varied while
the electrical input remains fixed [35,36]. Chapter 2 applies gliding arc
discharge plasma prior to a fixed PEF exposure in C. vulgaris, testing whether
the oxidative context established before pore formation determines how the
electrical input is biologically executed: macromolecular release, metabolic
fate, and cell death pathway engagement.

At the community scale, PEF effects are typically studied in monocultures,
despite the fact that industrial microalgal cultivation generally operates under
non-axenic conditions [37]. Electroporation theory predicts differential
susceptibility based on cell size and architecture, with smaller bacterial cells
requiring higher field strengths than larger eukaryotic cells [38,39]. However,
this prediction has rarely been examined within mixed populations [39,40],
where physiological state and post-treatment dynamics may alter outcomes.
Chapter 3 investigates how microalgae-bacteria co-cultures respond to PEF,
testing whether differential susceptibility depends on growth phase and
whether this enables selective treatment outcomes.

Aim of the thesis

To investigate PEF effects in microalgal systems across organellar,
cellular, and community scales, extending established electrophysiological
paradigms to photosynthetic organisms and mixed microbial populations.
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Tasks of the thesis

1. Organellar scale: To characterize PEF-induced alterations in chloroplast
function in C. vulgaris using fluorescence-based assays and to assess their
relationship to plasma membrane permeabilization.

2. Cellular scale: To determine whether oxidative context established by
gliding arc discharge plasma prior to pore formation shapes the biological
execution of a fixed PEF input in C. vulgaris.

3. Community scale: To investigate how physiological state and community
context affect PEF responses in microalgae-bacteria co-cultures, and to
evaluate whether differential susceptibility enables selective extraction of
proteins.

Statements for defense

1. PEF shortens chlorophyll fluorescence lifetime at 685 nm in C. vulgaris
in a pulse duration-dependent manner without altering absorption spectra,
indicating that photosynthetic apparatus impairment arises from enhanced
non-radiative energy dissipation rather than pigment degradation.

2. Sequential plasma pretreatment (250 V power supply) followed by PEF
decouples membrane permeabilization from macromolecule release,
suppresses caspase-like activity, and induces a non-apoptotic, non-
necrotic cell-death phenotype that differs from classical PEF-induced
programmed cell death and requires direct plasma exposure.

3. PEF treatment (40 kV/cm, 1 ps, 4-100 J/mL) produces consistent algal
inactivation (>95%) in C. vulgaris while Delftia sp. susceptibility is
growth phase-dependent, enabling selective extraction of algal proteins
from co-cultures without additional protein bands observed with
mechanical disruption.

Scientific novelty of this PhD thesis

This dissertation advances mechanistic understanding of pulsed electric
field (PEF) effects in microalgal systems by examining electrical field
interactions across multiple organizational scales.

At the organellar scale, the work provides the first systematic
characterization of PEF-induced alterations in photosynthetic apparatus
function in microalgae. Time-resolved chlorophyll fluorescence lifetime
measurements show that PEF shortens fluorescence lifetime at 685 nm
without altering absorption spectra, indicating modified energy dissipation
pathways rather than pigment degradation. By comparing these effects across
pulse durations and relating them to plasma membrane permeabilization, the
study demonstrates that photosynthetic impairment does not scale directly
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with membrane permeabilization, highlighting that these responses represent
related but non-equivalent outcomes of electrical treatment. This establishes
fluorescence lifetime analysis as a sensitive, non-destructive method for
probing electrical effects on the photosynthetic apparatus beyond bulk
membrane damage.

At the cellular scale, the dissertation presents the first characterization of
sequential plasma-PEF treatment effects in microalgae. It identifies voltage-
dependent response regimes that require direct plasma exposure and reveals
caspase-independent, non-classical cell death patterns at high treatment
intensities. These findings demonstrate that combined plasma-PEF treatment
elicits cellular responses in microalgae that differ from classical PEF-induced
responses and cannot be explained by plasma membrane permeabilization
alone.

At the community scale, the work documents PEF effects in microalgae-
bacteria co-cultures, showing that bacterial susceptibility is strongly
dependent on growth phase while algal cells undergo consistent disruption.
This differential response enables selective extraction of algal proteins from
mixed cultures and demonstrates that electrical susceptibility at the population
level is governed by physiological state rather than intrinsic species properties
alone.

Taken together, the results demonstrate that electrical field susceptibility
in photosynthetic systems is not determined solely by plasma membrane
permeabilization. Instead, responses to PEF depend on the physiological state
of the system, including photosynthetic functionality and growth phase. These
findings further suggest that cellular response context, shaped by
physiological and redox conditions, can influence how a fixed electrical input
is translated into biological outcome. Together, they establish a necessary
context for further mechanistic determination of PEF effects in complex
photosynthetic systems.
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CHAPTER 1. Pulsed Electric Field-Induced Alterations in
Photosynthetic Apparatus Function

1.1 Introduction

Pulsed electric field (PEF) effects depend on multiple interacting
parameters, including field strength, pulse duration, pulse number, and
waveform, each influencing which cellular structures are affected and to what
extent [1,4]. Among these parameters, pulse duration plays a central role in
determining how electrical energy distributes across the nested membrane
architecture of a biological cell. A useful starting point is to treat the cell as an
equivalent electrical circuit, where each membrane layer acts as a capacitor
and the surrounding aqueous compartments act as resistors (Fig. 1). This
analogy is physically grounded: the lipid bilayer is a thin (~4-5 nm), low-
dielectric insulating layer sandwiched between ion-conducting aqueous
phases, precisely the geometry of a parallel-plate capacitor, while the
dissolved ions in the cytoplasm and extracellular medium provide the resistive
pathways. Under this model, the transmembrane voltage across the plasma
membrane develops over a characteristic charging time constant, 7= R x C,
determined by the effective membrane resistance (R) and capacitance (C). For
cells, this time constant typically lies in the sub-microsecond to microsecond
range [1,41]. Pulses substantially longer than this 7 allow the outer RC-
element to charge fully, promoting pore formation and permeabilization while
simultaneously shielding the inner compartments from the applied field
[2,4,42]. Any effects on organelles under these conditions arise as secondary
consequences of membrane disruption rather than direct electrical interaction
with intracellular structures [1,5].

When pulse duration approaches or falls below 7, this shielding effect
breaks down. The plasma membrane cannot fully polarize during the pulse,
and the applied field penetrates to inner membrane structures, where organelle
membranes may accumulate transmembrane potentials transiently exceeding
that of the plasma membrane [1,43—45]. In mammalian cells, this shift in the
primary target from plasma membrane to intracellular compartments has
measurable biological consequences. Nanosecond PEF (nsPEF) exposure
induces mitochondrial depolarization, calcium release from intracellular
stores, and caspase-dependent apoptosis [43,44,46]. In yeast, similar
treatments activate metacaspases and trigger programmed death pathways
[47]. Although intracellular effects of nanosecond PEF have been documented
for several organelles, observations made for mitochondria and the
endoplasmic reticulum cannot be directly generalized to all intracellular
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compartments. The chloroplast of C. vulgaris is a case in point: it differs from
these organelles not only in structure and lipid composition, but in carrying
functionally active electrochemical gradients during illumination, features
that may produce a fundamentally different response to electrical exposure.

gm
L Cnm
R2
RS ; R4 &
R2
T Com
%R 1

Figure 1 Equivalent electrical circuit model of a biological cell positioned between two
electrodes. Cell membranes are represented as capacitors (C) and extra- and intracellular fluids
as resistors (R), where the outer membrane (om) and inner membrane (im) components reflect
the nested geometry of plasma membrane and organellar barriers. For pulse durations
substantially exceeding the membrane charging time constant z, the outer RC-element charges
fully, shielding intracellular compartments. For nanosecond pulses falling below 7, the outer
membrane remains incompletely charged, allowing the applied field to reach inner membrane
structures. Adapted from Haberkorn et al. (2021) under CC BY 4.0.

The single, cup-shaped chloroplast occupies 40-60% of total cellular
volume and contains an elaborate thylakoid membrane network whose total
surface area exceeds that of the plasma membrane by 10-100-fold depending
on cell size and metabolic state [22,24]. This alone makes the thylakoid system
a quantitatively dominant membrane target within the cell interior. What may
matter more, however, is that thylakoid membranes are not electrically
passive. During illumination, light-driven proton translocation generates
transmembrane pH gradients of 1.5-2.3 units and proton-motive forces of
150-170 mV that sustain ATP synthesis [27]. These pre-existing
electrochemical gradients distinguish thylakoids from metabolically inert
organellar barriers such as the endoplasmic reticulum, where documented
nsPEF effects provide the closest available precedent. Whether an externally
applied field interacts with an already-polarized, proton-translocating
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membrane in the same way it interacts with a relatively quiescent one is not
known.

The lipid and protein composition of thylakoid membranes further sets
them apart from both the plasma membrane and other organellar membranes,
with consequences that are not straightforward to predict. Thylakoids contain
70-78%  galactolipids, primarily monogalactosyldiacylglycerol and
digalactosyldiacylglycerol, rather than the phospholipids that dominate the
plasma membrane [25]. The hydrated galactose headgroups of these lipids
produce ionic conductance 5-26-fold higher than phospholipid bilayers
[26,48], which may alter charge dissipation rates or pore formation thresholds
during pulse application. The acyl chains are also highly polyunsaturated, with
a-linolenic acid (18:3) predominating [49,50]. Polyunsaturated lipid domains
appear to be preferential sites for pore nucleation, porating approximately five
times faster than saturated regions in molecular dynamics simulations of
mammalian membranes [3], which might suggest enhanced thylakoid
susceptibility. At the same time, thylakoid membranes are densely packed
with protein, with photosystem complexes and ATP synthase constituting 40-
50% of total membrane mass [51]. This crowding creates spatially
heterogeneous environments where protein-lipid interfaces could serve as
nucleation sites or, alternatively, where dense protein arrangements constrain
pore expansion. Whether the galactolipid composition, high polyunsaturation,
and extreme protein density act in concert to increase or decrease net thylakoid
susceptibility to electrical permeabilization, relative to the plasma membrane,
remains an open question.

Evidence that photosynthetic performance responds to PEF exposure in
microalgae does exist. Straessner et al. (2013) reported energy-dependent
declines in F\/F,, the maximum dark-adapted photochemical quantum yield
of photosystem II (PSII), where F, = F,, — Fyy, Fy is minimal fluorescence and
F, is maximal fluorescence measured during a saturating pulse, in
Auxenochlorella protothecoides following nanosecond pulse treatments [28].
In addition, structural alterations assessed by microscopy have also been
reported in Chlamydomonas reinhardtii after PEF exposure [23], and gene
expression responses linked to chloroplast-associated metabolism have been
observed following nsPEF treatment in Haematococcus pluvialis [30]. Taken
together, these observations indicate that photosynthetic performance and
chloroplast-associated physiology can be perturbed by PEF exposure in
microalgae. However, the origin of this impairment remains unclear, as altered
photosynthetic behavior may arise from either direct PEF effects on
chloroplast membranes or secondary consequences of plasma membrane
permeabilization and cytosolic disruption.
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Chlorophyll fluorescence provides a sensitive probe of photosynthetic
organization and function. At room temperature, fluorescence emission
originates predominantly from PSII, and changes in fluorescence
characteristics reflect alterations in energy transfer within the photosynthetic
apparatus [52]. Conventional fluorescence parameters such as F./F,, provide
a useful measure of overall photosynthetic efficiency. However, a decrease in
F\/F, alone does not distinguish whether reduced efficiency arises from
pigment loss, reaction center damage, or altered energy dissipation.
Fluorescence lifetime measurements address this ambiguity by reporting how
excited chlorophyll states are deactivated. Shortened lifetimes indicate faster
non-radiative energy dissipation and can occur even when pigment content
and absorption properties remain unchanged [52,53]. However, the
application of fluorescence lifetime analysis to interpret photosynthetic
responses to PEF exposure in microalgae remains limited.

Aim of this chapter: To characterize PEF-induced alterations in
photosynthetic apparatus function in C. wvulgaris using time-resolved
chlorophyll fluorescence lifetime analysis, and to examine their relationship
to plasma membrane permeabilization across different pulse regimes.

Objectives:

1. To characterize PEF-induced changes in photosynthetic function in
C. vulgaris using time-resolved chlorophyll fluorescence lifetime
analysis.

2. To compare photosynthetic responses across nanosecond and
microsecond pulse regimes and assess their dependence on pulse duration.

3. To examine how PEF-induced photosynthetic alterations relate to plasma
membrane permeabilization under different exposure conditions.

1.2 Materials and methods

Algae Cultivation

C. vulgaris was cultivated in bubble column photobioreactors using BG-
11 medium (1.9 mS/cm conductivity, pH 7.3). Photobioreactors were
inoculated with stationary phase culture to achieve initial optical density of
0.1 at 750 nm. Cultures were maintained at 21-22°C under illumination
(photon flux density 90 pmol/m?/s) with 16/8 h light/dark cycle for 7 days.
For PEF experiments, cultures were concentrated to 5 g/ dry weight by
centrifugation (4000 rpm, 15 min). Concentration was quantified
spectrophotometrically at 750 nm using a calibration curve relating
absorbance (Abs) to dry biomass.
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Pulsed Electric Field Treatment

Concentrated microalgal suspension (5 g/L) was treated with rectangular
electric field pulses. Two different pulse generators were employed:

Microsecond pulses (10 ps; 19 kV/em; 1 Hz): Transistor-based
electroporator with commercial 100 pL electroporation cuvettes (1 mm
electrode gap). Field strength calculated from real voltage, current, and
electrode distance [54]. These parameters were adopted from dose-response
experiments in Paper II of this thesis. That work identified this combination
as producing irreversible plasma membrane permeabilization in C. vulgaris
across a range of tested field strengths. Energy level was varied by adjusting
pulse number: a single pulse yielded 8 J/mL, ten pulses yielded 80 J/mL. Both
permeabilization extent and fluorescence lifetime showed clear energy
dependence. The 80 J/mL condition produced larger responses in both
parameters and was used for all subsequent experiments.

For nanosecond pulses, total delivered energy was held constant at 80 J/mL
to match the microsecond reference condition, while pulse duration and field
strength were varied according to the output capabilities of the available
instrumentation. Pulses were generated using a coaxial transmission line pulse
generator with 40 pL custom cuvettes (0.7 mm gap), with field strength
calculated from incident and reflected voltages [47]. Three pulse durations
were tested (10 ns, 60 ns, 90 ns) across a field strength range of 19-86 kV/cm,
at repetition rates of 5 Hz for 10 ns and 2 Hz for 60-90 ns pulses. This approach
constituted a parameter screen rather than a targeted parametric study, with
the aim of identifying whether any nanosecond condition produced
photosystem alterations comparable to those observed under microsecond
treatment at equivalent energy input.

PEF-treated samples were subsequently analyzed by plasma membrane
permeabilization assessment, UV-Vis absorption spectroscopy fluorescence
emission spectroscopy and time-resolved fluorescence lifetime measurements
at 5 min, 2 h, or 24 h post-treatment.

Plasma Membrane Permeabilization and Extracellular Nucleic Acids
Assessment

Membrane permeabilization was quantified using SYTOX Green (final
concentration 2 uM), a membrane-impermeant nucleic acid dye. Following
PEF treatment, 200 puL of microalgal suspension (OD7so = 1) was incubated
with SYTOX Green for 5 minutes in the dark at room temperature. After
incubation samples were centrifuged (10,000 x g, 1 minute) to separate cells
and supernatant. Fluorescence was measured in both resuspended pellet (cell-
associated SYTOX signal) and in the supernatant (extracellular SYTOX-
accessible nucleic acids) using a luminescence spectrometer (excitation 490
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nm, emission 510-540 nm) with 250 uL quartz cuvettes. Permeabilization was
calculated from the cell-associated (pellet) SYTOX signal and expressed as
percentage relative to fully disrupted positive control (ultrasonicated cells),
with untreated cells as a negative control.

UV-Vis absorption spectroscopy

Absorption spectrum was recorded using a JASCO V-670
spectrophotometer over the range 400-900 nm. Measurements were
performed on the same C. vulgaris suspensions used for fluorescence analysis
(OD7s0 =0.2) in 1 mL polystyrene cuvettes. Untreated suspensions measured
under identical conditions served as reference for comparison with PEF-
treated samples.

Fluorescence Emission Spectroscopy and Lifetime Measurements

Fluorescence measurements were performed on intact C. vulgaris cell
suspensions without chloroplast isolation or pigment extraction, preserving
the native organizational context of the photosynthetic apparatus in its
physiological cellular environment. All measurements were performed using
an Edinburgh F920 spectrofluorometer equipped with a 470 nm picosecond
diode laser (pulse width Tt = 71.6 ps, period T = 200 ns). Measurements used
1 mL polystyrene cuvettes with microalgal suspension adjusted to OD7so=0.2.

To suppress excitation leakage and stray light, optical filters were applied
in both excitation and detection paths. A 500 nm short-pass filter was placed
directly after the laser output to transmit the 470 nm excitation while
suppressing longer-wavelength leakage from the source. A 495 nm long-pass
filter was installed in the detection path to block scattered excitation below
495 nm while transmitting chlorophyll fluorescence in the red region.

Emission spectra were recorded in the range from 600-800 nm (1 nm steps,
0.5 ns dwell time, 5 nm monochromator slit width). Fluorescence intensity at
685 nm, corresponding to the characteristic emission of chlorophyll a in PSII,
was extracted from full spectra for quantitative analysis.

Fluorescence decay kinetics were measured at 685 nm emission
wavelength. Decay curves were fitted to a single-exponential decay function;
fitting procedure and statistical treatment are described in the Statistical
Analysis section.

Statistical Analysis

Experimental data were processed and statistically analyzed using
Microsoft Excel, OriginPro and Python. All experiments were performed
independently at least three times, and for each selected PEF parameter set of
at least six treated samples were measured. Results are reported as mean +
standard error (SE). Fluorescence decay constants (t) were determined by
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fitting the time-resolved fluorescence signals with a single-exponential decay

function:
t
Yy =Y+ Aet

Fitting was performed on the decay portion of the signal, starting from peak
intensity to exclude the instrument response during signal rise. Chlorophyll
fluorescence decays in intact cells are inherently multi-exponential, reflecting
heterogeneity within the photosynthetic apparatus. But single-exponential
fitting was applied as a first-order approximation to assess whether PEF
treatment produced detectable changes in fluorescence decay kinetics across
conditions. The reported t values should therefore be interpreted as apparent
fluorescence lifetimes representing population-level decay behaviour rather
than formally resolved lifetime components [55].

Plasma membrane permeabilization assessed using the SYTOX Green
fluorophore was converted to percentage values relative to the positive control
(microalgae fully disrupted by ultrasonication). Normality of data
distributions was evaluated using the Shapiro-Wilk test, and homogeneity of
variances was assessed with the Brown-Forsythe test. Because the
assumptions of normality and/or equal variances were violated for some
groups, differences between groups were tested using the non-parametric
Kruskal-Wallis test, followed by Dunn’s post-hoc test. For pairwise
comparisons between control and PEF-treated samples at different timepoints
(5 min, 2 h, and 24 h post-treatment), the non-parametric Mann-Whitney-
Wilcoxon test was applied with Bonferroni correction. Statistical significance
was accepted at p <0.05.

1.3 Results

To investigate the extent to which PEF treatment alters photosynthetic
apparatus function, C. vulgaris was treated with microsecond pulses (10 ps,
19 kV/cm) using either single pulse (8 J/mL) or 10 pulses (80 J/mL). These
parameters were selected based on literature [21,54] and prior experience
demonstrating effects on algae membrane permeability. Emission spectra
showed pulse number-dependent changes, with 80 J/mL producing greater
fluorescence reduction than 8 J/mL (data not shown). Based on this energy
dependence, 80 J/mL treatment was selected for detailed temporal
characterization.
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1.3.1 Microsecond Pulse Effects on Emission Spectra

Excitation at 470 nm resulted in emission spectra where PEF treatment
produced fluorescence reduction across the 600-800 nm range with maximum
change at a peak of 685 nm (Fig. 2A). This reduction exhibited time-
dependent progression: as time post-treatment increased, the extent of
reduction increased, with the most pronounced effect observed at 24 h.
Normalized spectra (Fig. 2B) showed peak position remained at 685 nm.
Absorption spectra recorded before and after PEF treatment showed no
detectable changes in peak positions or overall absorbance within
experimental uncertainty (Fig. 3).
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Figure 2 Fluorescence emission (470 nm excitation) spectra of C. vulgaris following PEF
treatment (10 ps, 19 kV/cm, 80 J/mL). (A) Raw intensity at 5 min, 2 h, and 24 h post-treatment.
(B) Emission spectra at 5 min normalized to the maximum intensity. Dashed line indicates peak
at 685 nm.

Since 685 nm exhibited the maximum PEF-induced emission change, this
wavelength was selected for time-resolved fluorescence lifetime
measurements. Following PEF treatment, decay kinetics changed
substantially: the PEF-treated sample exhibited both a shorter fluorescence
lifetime and a steeper decay slope compared to control (Fig. 4A). Quantitative
analysis showed effective fluorescence lifetime shortened from 1.71 + 0.05 ns
(control) to 0.83 = 0.03 ns (5 min, 80 J/mL), demonstrating photosystem
alterations.
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Figure 3 UV-Vis absorption spectra (400-900 nm) of C. vulgaris suspensions measured 5 min
after PEF treatment (10 ps, 19 kV/cm, 80 J/mL; red) and untreated control (black). (A) Raw
absorbance spectra. (B) Absorbance spectra normalized to the maximum intensity.

To determine whether observed photosystem effects resulted from direct
intracellular targeting or secondary consequences of plasma membrane
disruption, membrane permeabilization was assessed in parallel. SYTOX
Green fluorescence in cells reached approximately 70% at 5 min and
decreased to 55% by 24 h (Fig. 4B). Conversely, supernatant fluorescence
increased dramatically from approximately 12% at 5 min to 83% at 24 h, while
untreated samples remained at 3-5% throughout.
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Figure 4 (A) Time-resolved fluorescence decay kinetics at 685 nm emission (470 nm excitation,
log scale) 5 min after PEF. (B) SYTOX Green fluorescence measured in cells (green) and
supernatant (white) at 5 min, 2 h, and 24 h post-treatment (10 ps, 19 kV/cm, 80 J/mL).

1.3.2 Nanosecond Pulse Effects at Fixed Field Strength

Following the observation of fluorescence kinetics changes under
microsecond PEF treatment, these effects were explored using nanosecond
pulses. Since nanosecond pulses are substantially shorter than microsecond
pulses, achieving the same energy level (80 J/mL) requires either a higher
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number of pulses or increased electric field strength. These parameter
differences can result in distinct biological outcomes. Therefore, nanosecond
treatments were performed under a fixed energy condition (80 J/mL) using
pulse durations of 10 ns, 60 ns, and 90 ns.

To enable direct comparison with the microsecond regime, 90 ns pulses
were first applied at 19 kV/cm, matching the field strength used for
microsecond pulses, while the pulse number was adjusted to deliver the same
total energy (80 J/mL). Subsequently, electric field strength was increased
(26-86 kV/cm) to evaluate field-strength dependence under nanosecond
conditions, while maintaining constant delivered energy (80 J/mL). For each
nanosecond condition, fluorescence lifetime decay constants and plasma
membrane permeabilization were measured 5 min after treatment.
Fluorescence decay constants decreased with increasing field strength for 60
ns and 90 ns pulses (Fig. 5A). Significant differences from control appeared
at field strengths above 38 kV/cm for 60 ns pulses and above 26 kV/cm for 90
ns pulses. In contrast, 10 ns pulses produced no significant changes across the
entire field strength range tested.
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Figure 5 Nanosecond PEF field strength dependencies at 80 J/mL, measured 5 min post-
treatment. (A) Fluorescence decay time constants. (B) Cell permeabilization. Asterisks indicate
significant differences from control (p < 0.05).

Cell permeabilization showed similar field strength dependencies (Fig.
5B). For 60 ns pulses, permeabilization increased from approximately 8% at
26 kV/ecm to 27% at 86 kV/cm. The 90 ns pulses exhibited comparable
permeabilization levels, ranging from approximately 8% at 26 kV/cm to 24%
at 86 kV/cm. No significant differences were observed between 60 ns and 90
ns treatments at equivalent field strengths. The 10 ns pulses showed minimal
permeabilization (3-5%) across most field strengths, with a significant
increase to approximately 11% only at the highest field strength tested (86
kV/cm).
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1.3.3 Relationship Between Membrane Permeabilization and
Photosystem Alterations

Microsecond pulses (10 ps, 19 kV/ecm, 80 J/mL) produced ~70%
permeabilization and a decay constant of 0.83 = 0.03 ns. Under a matched
field strength and total delivered energy condition (19 kV/cm, 80 J/mL;
achieved by adjusting pulse number for the 90 ns regime), 90 ns pulses
produced 10.5% % 2.1% permeabilization and a decay constant of ~1.4 ns.

For 60 ns and 90 ns pulses at higher field strengths (=26 kV/cm), both
permeabilization and decay constant changes increased concurrently. No
significant differences were observed between 60 ns and 90 ns treatments at
equivalent field strengths. The 10 ns pulses demonstrated minimal effects on
both parameters across all field strengths tested (26-86 kV/cm), with
maximum permeabilization of 11% at 86 kV/cm and no significant decay
constant changes.

1.4 Discussion

The present study showed that following PEF treatment, C. vulgaris
fluorescence spectra decreased with the largest change at the 685 nm peak,
which is the characteristic emission of chlorophyll a in photosystem II. This
decrease resulted from substantially shortened chlorophyll fluorescence
lifetime (from 1.71 ns in untreated cells to 0.83 ns at 5 min post-treatment).
Absorption spectra and emission peak position remained unchanged
throughout, indicating that the same chlorophyll population responds
differently rather than being lost or degraded. These observations indicate that
PEF-induced alterations in chlorophyll fluorescence result from enhanced
non-radiative energy dissipation pathways [56], not from pigment loss or
photodestruction. Furthermore, this provides mechanistic explanation for the
photosystem II quantum yield (F\/F,) decrease documented by Straessner et
al. [28], whose work demonstrated PEF effects on algal photosystem function
but could not resolve the underlying mechanisms.

These fluorescence changes were not transient. Instead, fluorescence
lifetime values failed to recover to control levels and continued to decline over
the 24 h observation period. This deterioration was accompanied by
progressive cell lysis, indicated by a substantial increase in DNA release into
the supernatant (from 12% to 83%). This suggests irreversible damage and
activation of secondary cellular processes. Krust et al. (2022) [21]
demonstrated that PEF-treated C. vulgaris releases a cell death inducing factor
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capable of triggering death in neighboring cells, which may contribute to the
progressive deterioration observed in our measurements.

Comparing the two pulse regimes at equivalent field strength and energy
reveals something beyond a simple difference in magnitude. Microsecond
pulses produced approximately 70% permeabilization alongside 51%
reduction in fluorescence lifetime. The larger permeabilization response
suggests that membrane disruption was the dominant effect, with
photosynthetic impairment potentially arising as a secondary consequence
rather than from direct field interaction with the chloroplast. A plausible
pathway involves pores created in the plasma membrane permitting ion
redistribution, which alters the cytosolic chemical environment. These
cytosolic changes could then propagate into the chloroplast stroma, collapsing
the transthylakoid pH gradient that normally drives both ATP synthesis and
photoprotective regulation [27]. Luminal acidification resulting from gradient
collapse activates energy-dependent quenching, in which pH-sensitive
conformational changes in light-harvesting complexes redirect absorbed
excitation energy toward non-radiative thermal dissipation rather than
photochemistry [27]. This would directly manifest as shortened fluorescence
lifetime without loss of chlorophyll [57], consistent with our absorption data.
Whether pH perturbation in C. vulgaris can produce the fluorescence changes
we observe has been addressed experimentally: Chorvatova et al. (2020) [53]
demonstrated in intact Chlorella sp. cells that externally induced acidification
caused a gradual decrease in red fluorescence intensity at 680 nm
accompanied by shortening of the fluorescence lifetime, lending indirect
support to the final step of this proposed pathway. The qualitative match with
our data is notable, though not complete. Under severe acidification,
Chorvatova et al. additionally observed a shift of the red emission peak toward
690-700 nm and increased green fluorescence [53], neither of which appeared
in our spectra, suggesting that the perturbation in our case was moderate rather
than severe. Whether the cytosolic disturbance under our experimental
conditions is sufficient to collapse the stromal gradient within the 5 min
measurement window remains to be tested directly. The proposed sequence of
events is summarized in Figure 6.

Nanosecond pulses tell a different story. At the same conditions,
permeabilization fell to 10.5%, yet fluorescence lifetime shortened by
approximately 18%. This is a proportionally larger photosynthetic response
than the degree of membrane disruption alone would predict. The shift in ratio
is difficult to explain purely through secondary ion flux effects. It may instead
point toward some degree of direct field interaction with intracellular
structures, since pulses shorter than the membrane charging time constant
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theoretically allow partial field penetration into the cell interior [1,46].
However, membrane permeabilization did occur under nanosecond
conditions, meaning the two potential mechanisms cannot be cleanly
separated. Direct, primary damage to the photosynthetic apparatus
independent of plasma membrane effects therefore remains a hypothesis
rather than a confirmed conclusion from these data.

—
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Figure 6 Proposed sequence of cellular events in C. vulgaris following microsecond PEF
(usPEF) treatment. Numbers indicate sequential steps: (1) plasma membrane permeabilization,
(2) ion influx, (3) cytosolic changes, (4) fluorescence lifetime shortening. Dashed membrane
boundary indicates permeabilization. Question mark between steps 3 and 4 reflects that the
mechanistic link between cytosolic disruption and photosynthetic apparatus response remains
inferred rather than directly demonstrated.

Thermal damage was also considered as a possible contributor to the
observed changes. At equivalent total energy (~80 J/mL), theoretical
calculations predict similar bulk temperature rise (~17°C) for all pulse
conditions. Direct temperature measurement inside the treatment chambers
was not feasible in the present configuration. Despite this thermal equivalence,
biological effects differed sharply between pulse regimes. Microsecond pulses
(10 ps, 19 kV/cm) caused substantial permeabilization (~70%) together with
pronounced fluorescence lifetime shortening. In contrast, 10 ns pulses (86
kV/cm) produced minimal effects: ~11% permeabilization with no significant
fluorescence changes, and this held despite the largest total pulse number
being delivered at the highest repetition frequency tested (5 Hz), where any
cumulative thermal or frequency-dependent contributions would be most
expected to manifest. Taken together, these observations indicate that pulse
duration-dependent electrical interactions, rather than bulk thermal input,
govern treatment efficacy under the tested conditions.

Interpretation of observed results revealed limitations inherent to
implemented experimental design for investigating direct versus indirect
chloroplast targeting by PEF. Measurements at 5 min post-treatment are
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already too distant and reflect equilibrated secondary effects rather than
immediate PEF-induced changes. Transient effects occurring within seconds
of pulse application escape detection, particularly relevant for ns pulses where
rapid membrane resealing could mask short-lived perturbations. Direct
measurements of chloroplast envelope integrity or stromal pH are needed to
determine whether the photosystem alterations result from intracellular field
penetration or from ion flux through plasma membrane pores. The energy
level used (80 J/mL) may have been too high to observe subtle differences
between pulse duration effects, potentially masking the distinct mechanisms
of usPEF and nsPEF.

A further methodological consideration concerns the attribution of 685 nm
fluorescence changes to specific photosystem components. At room
temperature, fluorescence at 685 nm originates predominantly from the inner
antenna complexes of PSII (CP-43 and CP-47) and the associated peripheral
LHCII, with PSI contributing primarily at longer wavelengths (720-735 nm)
[57]. The tight energetic coupling between these antenna complexes and the
PSII reaction centre means that the observed fluorescence changes at 685 nm
may reflect disruption at the antenna level, altered energy transfer between
antenna and reaction centre, or reaction centre damage, and the present data
do not allow these contributions to be separated [57]. Low-temperature (77 K)
fluorescence spectroscopy, which provides clear separation between PSII
emission peaks (685 nm, 695 nm) and PSI emission (720-735 nm), would
enable definitive attribution of PEF-induced changes to specific photosystem
components [58]. The present findings are therefore interpreted as reflecting
predominantly PSII-associated function, consistent with established
wavelength assignments in the literature, while acknowledging that
comprehensive  photosystem-specific  characterization would require
additional spectroscopic approaches. Additionally, the single-exponential
fitting used for decay analysis yields a single t integrating contributions from
multiple photosynthetic components. Resolving these contributions
individually would require multiexponential analysis, which is planned for
future work.

Future work will address these limitations through two approaches:
development of a treatment-measurement chamber for real-time fluorescence
acquisition, and in parallel, experiments combining SNARF-1 pH monitoring
with optimized PEF parameters (reduced energy, higher field strengths,
shorter pulses) to better resolve direct versus indirect chloroplast targeting
mechanisms.
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1.5 Key Findings

PEF treatment induced measurable alterations in the photosynthetic
apparatus of microalgae C. vulgaris, detected as shortened chlorophyll
fluorescence lifetime at 685 nm. Following microsecond pulse treatment (19
kV/em, 10 ps, 80 J/mL), fluorescence lifetime decreased from 1.71 ns to 0.83
ns. Absorption spectra showed minor reduction that was not statistically
significant, confirming that the chlorophyll population remained intact and the
observed fluorescence changes arose from enhanced non-radiative energy
dissipation rather than pigment loss. This finding provides a mechanistic basis
for interpreting the PSII quantum yield (F\/F.) decreases in microalgae
documented in earlier studies but not mechanistically resolved.

The relationship between photosynthetic alterations and membrane
permeabilization in C. vulgaris depended on pulse duration. Microsecond
pulses (19 kV/cm, 10 ps, 80 J/mL) produced approximately 70%
permeabilization coinciding with 51% fluorescence lifetime reduction, a
pattern consistent with plasma membrane disruption as the primary event
triggering downstream photosynthetic changes through ion redistribution and
subsequent collapse of the transthylakoid pH gradient. Nanosecond pulses at
equivalent field strength and energy (19 kV/cm, 90 ns, 80 J/mL) produced
considerably lower permeabilization (10.5%) alongside an 18% lifetime
reduction. The relationship between the two parameters was inverted relative
to the microsecond regime: the proportional fluorescence response exceeded
the degree of membrane disruption, whereas microsecond pulses produced the
opposite pattern. This asymmetry is difficult to explain through secondary ion
flux effects alone and may point toward some contribution from direct field
interaction with intracellular structures, though this could not be confirmed
within the parameters tested.

Thermal damage was excluded as the dominant mechanism. Based on
theoretical energy conversion calculations, all pulse conditions at equivalent
total energy (~80 J/mL) are estimated to produce a similar bulk temperature
rise (~17°C). Direct temperature measurement inside the treatment chambers
was not feasible in the present configuration. Yet biological effects varied
dramatically between regimes: microsecond pulses caused substantial
permeabilization and fluorescence changes, while 10 ns pulses (86 kV/cm, 80
J/mL) produced minimal effects at the same energy input. This strongly
suggests that pulse duration, not thermal input, governs treatment efficacy
under the tested conditions.
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CHAPTER 2. Response Context Modulation in Sequential Plasma-
PEF Treatment

2.1 Introduction

PEF treatment in aqueous media is never purely electrical. Pulse delivery
generates reactive oxygen and nitrogen species (RONS) as an intrinsic
byproduct: electrode-adjacent electrochemical reactions and field-driven
processes in the surrounding liquid phase produce hydroxyl radicals,
superoxide, hydrogen peroxide, and reactive nitrogen species during and
immediately after each pulse [31,59]. These species are not merely incidental
contaminants of the treatment. They can promote lipid peroxidation,
introducing chemical modifications that deform lipid tails and increase bilayer
defect density, thereby augmenting membrane permeability independently of
the transmembrane potential the pulse induces [35,60]. This means that what
appears to be a purely electrical permeabilization event is, in practice, a
combined electro-oxidative perturbation, and the relative contributions of
voltage-driven pore formation and oxidation-driven membrane modification
to the final biological outcome are difficult to separate under standard PEF
conditions. Whether this oxidative component actively shapes downstream
biological execution, or simply accompanies it, cannot be determined under
standard PEF conditions, where electrical and oxidative inputs cannot be
varied independently.

This matters because it limits mechanistic interpretation. Under identical
pulse parameters, differences in ROS accumulation, whether due to electrode
material, medium composition, treatment volume, or pulse number, can alter
permeabilization extent, persistence, and downstream cell fate [31,35]. At the
same time, cells differ in their capacity to buffer oxidative stress and repair
membrane damage after pulsing. Together, the oxidative environment set by
the treatment and the cellular redox state at the moment of exposure determine
how an initial permeabilization event evolves. Here, response context refers
to this combined setting that controls whether cells recover, leak
progressively, or lose function. From this perspective, permeabilization is
necessary to explain many PEF effects, yet it is not sufficient to predict fate
[61-63].

Microalgae provide a particularly suitable system in which to examine
whether oxidative context meaningfully alters the biological outcome of a
fixed electrical input. A critical feature is the documented temporal
dissociation between permeabilization and fate. In wall-bearing species such
as C. vulgaris, macromolecular release and loss of viability unfold during

29



post-treatment incubation rather than during the pulse itself [20,21],
establishing that post-pulse processes, rather than the electrical event alone,
govern the final outcome. This dissociation is less accessible in more
electrically sensitive cell systems, where the window between
permeabilization and death is compressed to the point where the two become
experimentally inseparable. C. vulgaris also requires substantially higher field
strengths to achieve permeabilization [64,65] and tolerates various cultivation
conditions [22], meaning the permeabilization event itself does not preclude
subsequent biological observation. Together, these features create an
experimentally accessible window between electrical initiation and biological
outcome, a window in which oxidative context may operate and within which
multiple independently trackable endpoints, permeabilization extent,
macromolecular release, metabolic competence, and death pathway
engagement, can be monitored across defined time points.

If oxidative context partially determines the biological outcome of PEF,
then delivering a controlled and tunable oxidative perturbation prior to the
pulse, independently of the electrical input, should produce measurably
different responses to an otherwise identical treatment. Cold atmospheric
plasma offers a means to do exactly this. Plasma, the fourth state of matter,
can be generated at atmospheric pressure and near-ambient temperature
through electrical discharge in gas. These non-equilibrium plasmas produce
reactive oxygen and nitrogen species (RONS) spanning a wide range of
lifetimes, from short-lived radicals such as OH and Os to longer-lived stable
products such as H.O: and reactive nitrogen species including NO and NO:
[66,67]. Both can affect cells under direct exposure conditions. In indirect
plasma-liquid systems, however, short-lived radicals decay before reaching
the suspension. The biologically relevant dose is therefore carried by the
longer-lived products, which accumulate in the treated medium and constitute
an operationally measurable oxidative input delivered to the cells. This makes
plasma a controlled ROS source: it allows oxidative context to be
systematically varied while the electrical input remains fixed, directly testing
whether the oxidative component of a PEF treatment is a meaningful
determinant of biological outcome rather than a passive byproduct.

Plasma treatment does not, however, deliver reactive species in isolation.
It simultaneously modifies bulk suspension properties, including temperature,
pH, and conductivity [66,68]. Each of these shifts can independently influence
electroporation efficiency and post-treatment recovery [69]. Attributing
observed biological outcomes to oxidative context therefore requires explicit
separation of direct plasma-cell effects from these medium-mediated changes.
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Studies combining plasma and PEF in mammalian and microbial systems
have reported not only enhanced permeabilization but also altered
downstream responses, including shifts in cell death pathway engagement
[35,36,70-72]. These observations suggest that plasma-induced cellular
conditioning may redirect the biological pathway through which cells respond
to subsequent electrical stress, rather than simply intensifying
permeabilization. In microalgae, plasma applications have so far focused
primarily on inactivation for harmful algal bloom control and on plasma-
activated water effects on growth [73—75], with some evidence that sub-lethal
exposures can stimulate growth in certain species [76]. Whether plasma
pretreatment produces comparable state-dependent effects in photosynthetic
microorganisms remains unclear.

Among plasma sources, gliding arc discharge (GAD) generates non-
equilibrium plasma that glides along diverging electrodes, producing high
concentrations of reactive nitrogen species alongside reactive oxygen species
[77]. GAD operates at atmospheric pressure with scalable throughput, making
it suited for treatment of liquid suspensions [78].

Accordingly, plasma exposure is applied here not merely to intensify PEF
effects, but to alter the cellular response context in which an otherwise
identical PEF treatment is delivered.

Aim of this chapter: To determine whether oxidative context established
by gliding arc discharge plasma prior to pore formation shapes the biological
execution of a fixed PEF input in C. vulgaris.

Objectives:

1. To characterize GAD plasma-induced modifications in treatment
suspension (temperature, pH, conductivity, reactive species) across the
voltage range 130-250 V.

2. To quantify how oxidative preconditioning by plasma alters the biological
execution of a fixed PEF input (25 kV/cm, 7 ps), assessing
permeabilization, macromolecular release, metabolic fate, morphology,
and cell death pathway engagement across post-treatment time points.

3. To distinguish direct plasma-cell effects from secondary medium effects
by comparing sequential plasma-PEF treatment with matched control
protocols, including thermal pretreatment, plasma-activated supernatant,
and conductivity-matched exchange.
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2.2 Materials and Methods

Algae Cultivation

C. vulgaris UTEX 395 cells were inoculated into a glass bubble column
photobioreactor (PBR) containing BG-11 medium at final optical density of
0.1 at 750 nm. The PBR was a 1,000 mL glass vessel (61 cm in length and 5
cm in diameter) with a downstream aeration tube. Cells were cultivated under
standardized conditions: temperature maintained at 22°C £ 1°C, illumination
provided by fluorescent lamps delivering photosynthetic photon flux density
of 90 umol/m?*’s, and photoperiod set to 16:8 hours light:dark cycle with CO:
and air-gas mixture supplementation. Cell cultures were grown until reaching
stationary growth phase on day 7, at which point the algal biomass was
harvested and concentrated to 5 g/L using centrifugation (3,000 x g, 15 min).
Final biomass concentration was verified by optical density measurements
(OD at 750 nm) using a pre-established dry biomass calibration curve (R? =
0.962).

Gliding Arc Discharge Plasma Processing

Sequential treatment methodology was employed with plasma processing
preceding PEF application, based on literature demonstrating superior
efficacy of this treatment order [70,79]. System configuration. The gliding arc
discharge (GAD) plasma system comprised three main components: plasma
reactor, power supply system, and gas supply system (Fig. 7). The plasma
reactor utilized two knife-shaped electrodes (52 mm length, 25 mm width)
with electrode gap maintained at 1 mm at the top. The system was powered
by a G2000 high voltage/medium frequency generator (Redline Technologies
Elektronik GmbH) with a high-voltage transformer turn ratio of 1:33. The
generator output voltage was adjustable from 90 V to 250 V while maintaining
frequency at 270 kHz and signal duty cycle of 0.35 during discharge operation.
Compressed air served as the plasma-forming gas and was introduced through
dual injection points: top injection at 13.39 L/min and tangential injection at
9.44 L/min, resulting in total air flow rate of 22.8 L/min. Discharge voltage
was measured using Rigol DS4012 oscilloscope (Rigol Technologies)
equipped with Tektronix P6015A high-voltage passive probe (Tektronix).
Current monitoring was performed using Pintek PA-699 current probe (Pintek
Electronics). Algal or algae cultivation medium samples (10 mL) were placed
in petri dishes positioned 30 mm below the electrode assembly. Treatment
duration was standardized at 300 seconds for all plasma exposures. The
plasma discharge occurred in the air gap between the knife-shaped electrodes,
not within the liquid sample. Reactive species generated in the gas phase were
subsequently transported to the liquid surface by the airflow and absorbed into
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the suspension. This configuration represents indirect plasma exposure, in
which plasma-generated species reach the biological sample through gas-
liquid mass transfer rather than direct plasma-liquid contact.

Throughout this chapter, voltage values (130-250 V) refer to the power
supply output voltage (Vs), not the plasma discharge voltage. For convenience,
plasma pretreatment at Vs = 130 V is referred to as 'low-voltage plasma' and
at V=250V as 'high-voltage plasma'.
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Figure 7 A schematic view of the gliding arc discharge plasma system.

Pulsed Electric Field Processing

Following plasma pretreatment, both plasma-exposed and control algal
suspensions underwent pulsed electric field processing using a custom-
designed Marx generator system. The generator featured a two-module
configuration with 12-stage architecture, enabling generation of electrical
pulses with variable durations. Module A2 was equipped with 0.25 pF
capacitors while Module A3 contained 1 pF capacitors, both utilizing 5 kV
polypropylene capacitors offering high repetition rates and 11 kV/ps rise time.
The system was powered by a variable AC/DC high-voltage unit (model
CCPF-500-4P) providing 220/4000 V output, with voltage control achieved
through analog 0-10 V signals corresponding to 0-4 kV output range.
Capacitor charging occurred in parallel via diodes, followed by series
discharge through the load using thyristor switches (TA20401203SQ) with
maximum operating specifications of 4000 V and 1200 A. Each thyristor was
individually controlled through separate driver modules managed by the
control unit via optical interface. System control was achieved using ARM
STM32F072RBT6 microcontroller enabling control of charging voltage,
capacitor module selection, pulse number determination, and repetition
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timing. Protection against short circuits was provided through series-
connected resistors and inductances that limited maximum current and
regulated current rise rate. Exponential unipolar electrical pulses of 7 pus
duration were generated using 2 mm electroporation cuvettes (VWR
International, Taiwan). Electric field pulses were delivered at 25 kV/cm
strength in two configurations: single pulse or ten-pulse sequences. The
resulting energy densities were 2.78 J/mL for single pulse and 27.78 J/mL for
ten-pulse treatment. These parameters were selected based on previous
optimization studies to achieve irreversible cell membrane permeabilization
(see Paper II of this thesis). Voltage measurements across the load were
conducted using voltage dividers while current measurements utilized non-
contact ammeters, with pulse visualization performed using external
oscilloscope.
Control Treatments and Experimental Design

Positive Controls

Sonicated algal suspension served as positive control for complete cell
disruption. Concentrated algae suspension (5 mL) was placed in 15 mL plastic
centrifuge tubes and processed using a Vibra Cell ultrasonic device (Sonics &
Materials Inc., USA) at 40% power amplitude, 20:30 s ON:OFF pulsation
mode for 20 minutes total operating time. Samples were maintained in ice bath
during sonication to prevent overheating. Heat-treated algae suspension was
used as additional positive control for caspase 3-like activity evaluation, with
cells incubated at 50°C for 2 hours and analyzed at 2 hours post-treatment.

Sequential Treatment Protocols

Multiple treatment protocols were designed to differentiate direct plasma

effects from secondary phenomena:

Biomass Chlorella vulgaris suspension cultured in BG-11 for 7 days, concentrated to 5 g/L dry biomass

Plasma Plasma Plasma Supernatant plasma Thermal
Treatment 1 treatment (A)

treatment (B) treatment (C) treatment (PAS) pretreatment
______________ L5 IS
Processing {Replace supernatant! :.-"A\gae resuspension /
step i with fresh BG-11 i in PAS f

Treatment 2 Algae treatment with PEF

E'Rep\ace supernatantli
i with fresh BG-11

+ i wilniresh BG-11 i
step v {} v

Processing

Analysis Cell permeabilization, protein release, DNA release, caspase activity, viability, cell morphology

Figure 8 A schematic view of the experiments. Adapted from Paper V of this thesis.
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Protocol A: Direct combined plasma and PEF treatment. Protocol B:
Plasma treatment with immediate supernatant replacement using untreated
BG-11 medium before PEF application (assessing conductivity effects).
Protocol C: Plasma and PEF treatment followed by supernatant replacement
with untreated BG-11 medium. Plasma-Activated Supernatant (PAS)
Protocol: Plasma treatment of C. vulgaris supernatant only, followed by
immediate algal resuspension and PEF exposure. Temperature control
experiments utilized thermal pretreatment matching plasma-induced heating
profiles. Treatment temperatures and durations were determined from
suspension temperature measurements showing heating plateau achievement
after ~150 seconds, with peak temperatures of 41, 46, 49, and 54°C
corresponding to Vs values of 130, 170, 210, and 250 V, respectively.

Analytical Methods
Plasma Characterization and Medium Analysis

Air plasma emission spectra were analyzed to characterize plasma
composition and properties. Primary spectral analysis was conducted using
Flame UV-VIS flame-emission spectrometer (Ocean Insight, Orlando, FL,
USA) operating in the 200-1000 nm wavelength range. Measurement
parameters included integration time of 0.375 s, accumulation of 10 scans,
with each plasma spectrum measured three times to calculate average values.
Additional plasma composition analysis was performed using IFU AOS4
acousto-optic emission spectrometer (operating range 250-800 nm), which
utilizes a tunable acoustic-optical filter (AOTF). This spectrometer featured a
solid-state monochromator/grating with spectral resolution of 0.05 nm at 250
nm and 0.5 nm at 800 nm. Emission spectra measurements were conducted at
the center between electrodes, 35 mm from the top, with accumulation of 3
scans performed for each measurement. BG-11 freshwater microalgae growth
medium was utilized as test sample for plasma effect evaluation, collected
after PAS protocol. Physical and chemical property changes were monitored
before and after treatment. Temperature variations during plasma processing
were measured using two chromel-alumel thermocouples immersed into the
medium near the surface, with reported values representing the average of
both measurements. Due to immediate temperature drop upon sample removal
from treatment chamber, pH and electrical conductivity measurements were
performed 5 minutes post-treatment without temperature compensation, using
Orion 720Aplus meter (Thermo Scientific™, USA) and conductivity meter
equipped with InLab 738-ISM probe (Mettler Toledo, USA). Nitrate and
nitrite concentrations in suspension were determined before and after
treatment using commercial test kits (Merck KGaA, Germany) following
manufacturer's protocols. Hydrogen peroxide concentrations were determined
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using iodometric assay. lodine standards (0.2-1 mM in 1 M acetic acid:2.5 M
KI:H:O = 10:0.5:1) were used to construct calibration curves based on
absorbance at 450 nm. Samples (1 mL) were mixed with 5 mL acetic acid and
0.5 mL KI, incubated in darkness for 5 minutes, and measured at 450 nm to
calculate peroxide content from the calibration curve. These assays quantify
stable, long-lived dissolution products that accumulate in the liquid phase
following plasma treatment, as primary short-lived radicals decay within
microseconds and cannot be directly measured in solution.
Membrane Permeabilization Analysis

Algal cell membrane permeability was assessed using SYTOX Green dye
(Thermo Fisher Scientific, USA). SYTOX Green penetrates cells only when
membranes lose integrity and emits fluorescence upon binding nucleic acids.
Treated and control samples were diluted to OD=1 (750 nm wavelength) with
sterile BG-11 medium after 2 and 24-hour incubation at room temperature.
Each sample was mixed with fluorescent dye (2 uM final concentration) and
incubated for 5 minutes in darkness. Fluorescence intensity was measured
using LS-50B luminescence spectrometer (PerkinElmer Inc, UK) with
excitation at 490 nm, emission at 500-550 nm, 5 nm slit width, 200 nm/min
scan speed, and peak intensity measured at 525 nm.

DNA Release Assessment

Nucleic acid leakage into supernatant was quantified using dual
methodologies. SYTOX Green fluorescence was measured in supernatant
following the staining protocol described above, with additional
centrifugation (10,000 % g, 1 minute) to eliminate cellular debris. Also, DNA
concentration in supernatant was quantified using Qubit 4 Fluorometer with
dsDNA HS Assay Kit (Thermo Fisher Scientific, USA) according to
manufacturer's protocol.

Metabolic Activity Evaluation

Microalgal viability was determined using 2,3,5-triphenyltetrazolium
chloride (TTC) reduction to red 1,3,5-triphenylformazan (TPF) by
mitochondrial dehydrogenases in viable cells. The protocol was modified
from Lin et al. (2001). Concentrated algal samples (5 g/L) were centrifuged
(1800 x g, 10 min) and pellets resuspended in 1 mL TTC solution (0.5% TTC
in 0.05 M Tris-HCI buffer, pH 7.5, sterilized using 0.22 um filter). Mixtures
were incubated for 24 hours at room temperature in darkness. TPF extraction
involved heating at 70°C for 15 minutes, then mixing with n-hexane (1:2
ratio). After centrifugation, the hexane phase was analyzed
spectrophotometrically at 492 nm.

Treated sample Abs 492 nm

Cell metabolic activity (%) = Untreated sample Abs 492 nm x 100
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Protein Quantification and Analysis

Soluble protein concentration in sample supernatants was determined
using ROTI Quant universal assay (Roth, Germany) following manufacturer's
protocol. After 24-hour incubation, treated and control samples were
centrifuged (4,000 x g, 5 min) and supernatants used for protein
quantification. Results were compared against bovine serum albumin (BSA)
standard curve (Thermo Fisher Scientific, USA) and expressed as protein
mass percentage based on dry biomass (% DBM). Supernatants were analyzed
by SDS-PAGE using TV200Y electrophoresis unit (Scie-Plas Ltd., UK)
according to modified protocols described in literature.

Free Amino Acid Determination

Free amino acids were quantified using modified Ninhydrin method with
SUNRISE Microplate Absorbance Reader at 570 nm. After 24-hour
incubation, treated and control samples were centrifuged (4,000 x g, 5 min)
and supernatants used for amino acid quantification. Results were compared
against leucine solution standard curve (Carl Roth, Germany) and expressed
as free amino acid mass percentage based on dry biomass.

Caspase Activity Assessment

Colorimetric caspase assay employed Ac-DEVDpNA substrate (Cayman
Chemical Company, Michigan, USA). Assays were performed in reaction
buffer (50 mM Tris-HCI pH 7.5, 0.3% Triton-100, 1.0 mM DTT) with 0.2 mM
Ac-DEVDpNA. Reaction mixtures were incubated at 37°C for 2 hours.
Caspase 3-like activity was determined by spectrophotometric quantification
of free pNA (A =405 nm).

Microscopic Analysis

Morphological examination was conducted on samples treated with direct
plasma and/or PEF at 24/72 hours post-treatment using bright-field
microscopy. Analysis employed inverted microscope Nikon Eclipse Ti-E with
Plan-flour ELWD 20x/0.45 objective (Nikon Instruments, Japan) equipped
with NIS-Elements software (Nikon Instruments, Japan).

Statistical Analysis

The study presents n independent experiments (n = 3-6) with internal
duplicates or triplicates depending on experimental design. Calculated
averages and standard deviations are displayed in figures. Statistical
significance was evaluated using one-way analysis of variance (ANOVA).
Gel electrophoresis was performed at least three times with representative
images selected for publication.
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2.3 Results

2.3.1 Plasma Characterization and Medium Analysis

Plasma characterization.
GAD plasma exhibited voltage-dependent electrical behavior. Waveform

analysis showed serrated voltage patterns with associated current variations
characteristic of gliding arc operation. Discharge duration increased from 1.71
+0.29ms at 50 Vto 5.21 £ 0.61 ms at V, =250 V, indicating longer sustained
discharge at higher supply voltage (for more details see Paper I of this thesis).

The emission spectra demonstrated that excited nitrogen species
dominated the air plasma. Prominent N2 emission peaks were observed at 316
nm, 337 nm, 353 nm, 358 nm, and 379 nm (Fig.9).
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Figure 9 Optical emission spectrum of air plasma when input voltage was 250 V. Adapted from

Paper I of this thesis.

Additional plasma composition analysis, using IFU AOS4 acousto-optic
emission spectrometer, confirmed the presence of molecular nitrogen ions
(N2") with emission lines at 391 nm, 419 nm, and 470 nm (Fig. 10A). The
intensity of N2* emission lines increased with voltage.

Nitrogen oxide species (NO,) were detected at 236 nm, 246 nm, 258 nm,
and 283 nm wavelengths, with intensity increasing from 1,300 to 18,900
counts across the voltage range (Fig. 10A). Atomic oxygen species were
identified at 777.4 nm and 844.6 nm, though at significantly lower intensities
than nitrogen species. Hydroxyl radicals (*OH) were detected at 306.9 nm,

attributed to water vapor presence in ambient air.

38



[ @

—90V
—250V

7000

6000 4

T T
O (777.4 nm)

I —9%0V
H —250V

4000 U‘

5000 4

Intensity, a.u.
Intensity, counts

3000 ‘ ‘
2000 ‘

| I
1000 frr=t = T - |

T T
750 800
Wavelength, nm

700 900

T T T T T
200 250 300 350 400 450 500

Wavelength, nm
Figure 10 Emission spectra of the air plasma when the input voltage was 90 V and 250 V.
Adapted from Paper I of this thesis.

Physical and chemical changes in BG-11 medium.

Plasma treatment induced systematic modifications to the BG-11
microalgae medium properties in a voltage-dependent manner. Medium
temperature increased with voltage, reaching plateau values of 41, 46, 49, and
54 °C corresponding to Vs =130, 170, 210, and 250 V, respectively (Fig. 11a).
The pH decreased from approximately 7.5 to ~7.0 at the highest voltage (Fig.
11b). Conductivity increased from ~1.85 mS/cm (control) to 2.40 mS/cm at
Vs =90 V and 3.34 mS/cm at Vi = 250 V (Fig. 12a). This enhancement
correlated with the formation of ionic species in the treated medium.
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Figure 11 The dependence of the medium temperature on the used voltage (a) and variation of
pH values (b). Adapted from Paper I of this thesis.
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Chemical analysis of the treated medium quantified stable long-lived
products of plasma-liquid interactions (Fig. 12b). Nitrite (NO2")
concentrations rose from 0.13 mM to 1.67 mM, while nitrate (NOs") increased
from 23.3 mM to 28.9 mM across the 90 V to 250 V voltage range. Hydrogen
peroxide (H202) increased from 5.9 mM to 17.4 mM at maximum supply
voltage.
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Figure 12 The variation of the conductivity (a) and concentration of nitrites, nitrates, and
hydrogen peroxide (b) in liquid medium as a function of the output voltage. Adapted from Paper
I of this thesis.

2.3.2 Single-Modality Baseline Responses

PEF treatment without prior plasma exposure produced increased
permeabilization with increasing pulse number at 2 h that became less
pronounced during incubation. Two hours after exposure, a single pulse (25
kV/em, 7 ps) resulted in ~14% SYTOX-positive cells, whereas 10 pulses
exceeded 60% (Fig. 13A). After 24 h, SYTOX uptake increased in both
conditions and reached ~70%, reducing the difference between one and ten
pulses (Fig. 13B). In parallel, DNA signal in the supernatant increased
strongly after PEF. Quantitative assay confirmed DNA release exceeding 20
mg/L (Fig. 13C), accompanied by complete loss of metabolic activity under
ten-pulse conditions (Fig. 13D).

Protein release into the supernatant reached approximately 23% of total
dry biomass, with no increase in amino acid release compared to untreated
samples (Fig. 14). Morphological examination of ten-pulse treated samples
revealed cell aggregation at 24 hours (data not shown), progressing to
decreased cell concentration and bacterial overpopulation by 72 hours (Fig.
16B).

Plasma exposure without subsequent PEF produced voltage-dependent
effects relative to untreated controls. At Vs =130 V, plasma treatment did not
increase SYTOX uptake by cells, supernatant DNA signal, or protein release
beyond control levels after 2 or 24 hours (Fig. 13, 14, 15). Metabolic activity
and morphological features remained similar to untreated samples (Fig. 13D,
16C).
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Adapted from Paper V of this thesis.

At higher voltages, plasma alone induced membrane permeabilization and
loss of metabolic activity, though macromolecular release remained limited.
At V,=250V, the SYTOX-positive fraction reached ~25% after 2 hours and
increased to ~60% after 24 hours (Figs. 13A, B). In contrast, the amount of
extracellular DNA remained low. The amount of SYTOX in the supernatant
accounted for ~4%, and the quantitative assay yielded ~6 mg/L of DNA at 24
hours (Figs. 13B, C). Protein release remained below 5% DBM, and SDS-
PAGE did not show additional bands relative to untreated controls (Figs. 14,
15). Metabolic activity was completely lost at 24 hours (Fig. 13D).
Microscopy revealed intact cell morphology without visible disintegration or
aggregation at 72 hours (Fig. 16E).

2.3.3 Voltage-Dependent Response Patterns in Sequential Plasma-PEF
Treatment

Sequential plasma pretreatment followed by PEF produced plasma voltage
dependent differences in membrane permeabilization, macromolecular
release, metabolic activity, and morphology (Figs. 13-16). The following
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sections compare low-voltage (Vs = 130 V) and high-voltage (Vs = 250 V)
plasma pretreatment, as defined in Methods.
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Figure 14 Plasma and PEF treatment induced changes in protein and amino acid release 24
hours after treatment. Lines and symbols represent protein concentration (left Y axis); columns
represent amino acid concentration (right Y axis). Numbers (0; 1; 10) indicate the number of
applied PEF pulses. Data represent means and standard deviations from at least six biological
replicates. Statistical significance (*) is indicated only where differences are less visually
apparent; obvious differences (e.g., protein decrease with increasing voltage) were not marked.
Adapted from Paper V of this thesis.

At low plasma voltage (Vs = 130 V), sequential plasma-PEF treatment
produced an outcome pattern comparable to the PEF-only baseline. At 2 h,
cell permeability reached ~25% with a single pulse and ~55% with 10 pulses
(Fig. 13A). By 24 h, permeabilization increased and stabilized near ~90%
regardless of pulse number (Fig. 13B). In parallel, the supernatant DNA signal
rose to ~90% of the fluorescence maximum (Fig. 13B), and quantitative assay
confirmed DNA release >20 mg/L (Fig. 13C). Protein release remained in the
same range as PEF-only treatment (~20% DBM) (Fig. 14), and SDS-PAGE
profiles showed no qualitative shift in the dominant bands relative to PEF
alone (Fig. 15). Metabolic activity was completely abolished at 24 h (Fig.
13D). Morphological changes matched the PEF-alone trajectory: aggregation
at 24 h, progressing to reduced apparent cell concentration and bacterial
overpopulation by 72 h (Fig. 16D).
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Figure 15 SDS-PAGE analysis of the soluble protein extracts obtained by plasma and PEF
treatment. Numbers above the gel tracks indicate the applied voltage of plasma generator (V)
and (+) the number of PEF pulses. Adapted from Paper V of this thesis.

Plasma pretreatment markedly altered how PEF was expressed: at 2 h,
adding a single PEF pulse after high-voltage plasma (Vs = 250 V) increased
permeabilization roughly four-fold compared with a single pulse without
plasma (~55% vs ~15%) (Fig. 13A), reaching levels similar to a 10-pulse PEF
treatment. However, macromolecular release was suppressed. At 24 h,
combined treatment maintained high permeabilization (>70%) and complete
metabolic inactivation (Figs. 13B, D). However, DNA remained <5% of total
fluorescence in the supernatant, with quantitative release ~2 mg/L even after
10 pulses (vs ~25 mg/L for PEF alone) (Figs. 13B, C). Protein release fell
below ~6% of dry biomass and became undetectable by SDS-PAGE at the
highest-voltage combinations (Figs. 14, 15). In parallel, free amino acid
concentrations increased under high-voltage combined conditions (Fig. 14).
Morphologically, cells remained similar to untreated controls even after
prolonged incubation, lacking the aggregation/disintegration patterns typical
of the PEF-only endpoint (Fig. 16F).

Across intermediate voltages, increasing plasma voltage was associated
with high cell permeability but progressively lower DNA and protein release.
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Figure 16 Bright field microscopy images taken 72 hours after treatment. Untreated
samples(A); samples treated with PEF (10 pulses) only (B); samples treated with 130V plasma
only (C); samples treated with both 130V plasma and PEF (D); samples treated with 250V
plasma only (E); samples treated with both 250V plasma and PEF (F). Adapted from Paper V
of this thesis.

2.3.4 Differentiation of Primary and Secondary Plasma-Induced Effects

To separate direct plasma-cell interaction from secondary changes in the
medium (heating, conductivity shifts, and long-lived reactive species),
sequential plasma-PEF outcomes were compared with control protocols that
reproduced individual secondary factors while keeping the PEF exposure
constant (Fig. 8).
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Protocols designed to eliminate plasma-induced conductivity changes by
replacing the supernatant with untreated BG-11 either immediately before
PEF exposure or after PEF exposure did not abolish the voltage-dependent
outcome pattern. Reduced protein and DNA release at high plasma voltage
persisted despite supernatant replacement (Fig. 17), indicating that bulk
conductivity shifts or continued incubation in plasma-modified medium were
not required for the effect.
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Figure 18 SDS-PAGE analysis of the protein extracts obtained by PEF only and PAS protocol.
Numbers above the gel tracks indicate the applied plasma voltage (V) and (+) the number of
PEF pulses. Adapted from Paper V of this thesis.

Similarly, exposure to PAS alone did not reproduce the high-voltage
response pattern. When the medium was plasma-treated only and the cells
were resuspended prior to PEF exposure, the release of proteins and DNA
remained comparable to the PEF-only baseline across all voltage (Fig. 17).
The SDS-PAGE profiles of these samples retained the characteristic band
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pattern observed after PEF treatment rather than showing suppression, as seen
after direct high-voltage plasma exposure (Fig. 18). Therefore, long-lived
plasma products in the medium were insufficient to generate the reduced
protein and DNA release observed after direct plasma pretreatment.
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Figure 19 SDS-PAGE analysis of the protein extracts obtained by PEF only and temperature
protocol. Numbers above the gel tracks indicate the applied treatment temperature (°C) and (+)
the number of PEF pulses. Adapted from Paper V of this thesis.

Thermal pretreatment that replicated the temperature range associated with
plasma (41-54 °C, or 130-250 V) followed by PEF treatment did not reproduce
the reduced macromolecular release characteristic of high-voltage plasma
pretreatment. At the highest simulated temperature (54 °C + PEF), protein
release was substantially higher than in the direct high-voltage plasma-PEF
condition (approximately 15% DBM versus less than 5% after 250 V plasma
+ PEF) (Fig. 17A). DNA release exhibited a similar trend (Fig. 17B).

Additionally, to evaluate the direct impact of plasma exposure on protein
detectability, a BSA suspension was subjected to plasma treatment at 250 V
for 5 minutes. SDS-PAGE analysis revealed no reduction in band intensity or
the appearance of lower-molecular-weight bands, which would indicate
fragmentation (Fig. 20A). Fluorescence spectra showed only a minor peak

shift and a small increase in signal intensity (Fig. 20B).
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Figure 20 Effects of high-voltage plasma exposure on BSA. (A) SDS-PAGE profile and (B)
fluorescence emission spectra measured before treatment and after 5 min exposure to GAD
plasma at 250 V. Adapted from Paper V of this thesis.
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Taken together, these comparisons show that the reduced macromolecular
release observed after high-voltage plasma-PEF treatment could not be
reproduced by isolated medium heating, PAS exposure, or conductivity-
related supernatant replacement, and is unlikely to reflect plasma-driven loss
of protein detectability under the analytical conditions used.

2.3.5 Modulation of Caspase 3-Like Activity by Plasma and PEF
Exposure

Caspase 3-like activity was quantified 2 h after treatment to assess whether
plasma exposure altered cell death signaling pathways activated by PEF. PEF
treatment alone induced a pronounced increase in caspase 3-like activity,
reaching approximately 250% relative to the untreated control and exceeding
the activity observed in the heat-shock positive control (Fig. 21).

300
2h
250
200

150

| e L T o - - -

whah

Caspase 3-like activity, % of control

> >
Ca ) 2 < 3
&S o 8 &
5 Ot V¢ 5 &é’ &

Figure 21 Modulation of Caspase 3-like activity in C. vulgaris 2 hours post-treatment. Cells
were exposed to high-intensity plasma (250 V), PEF alone (10 pulses, 25 kV/cm), or the
combined sequence (Plasma+PEF). Data represent the mean percentage relative to the heat
shock positive control (indicated by the dashed line at 100%) + standard deviation from at least
three biological replicates. Adapted from Paper V of this thesis.

In contrast, plasma exposure produced an opposing effect. Cells exposed
to GAD plasma exhibited strongly suppressed caspase 3-like activity,
regardless of whether plasma treatment was applied alone or followed by PEF
(Fig. 21). At the high voltage plasma (250 V), caspase activity remained below
baseline control levels, despite complete loss of metabolic activity and high
membrane permeabilization.
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2.4 Discussion

The central finding of this study is that plasma pretreatment redirects how
a fixed PEF exposure is biologically expressed in C. vulgaris. When identical
PEF parameters were applied (25 kV/cm, 7 ps, 10 pulses), low-voltage plasma
pretreatment (Vs = 130 V) produced the typical PEF phenotype: extensive
DNA and protein release, elevated caspase 3-like activity, and progressive
morphological disintegration during post-treatment incubation. In contrast,
high-voltage plasma pretreatment (Vs = 250 V) yielded a qualitatively
different outcome: complete metabolic inactivation with strong
macromolecular retention, preserved cellular architecture for at least 72 h, and
suppression of caspase activity below control levels. This voltage-dependent
divergence in biological outcome under identical electrical input is
summarized schematically in Figure 22.

PEF *

bt *
alone * Caspase-dependent cell

death markers activated
* DNA and protein released

B> « into environment
( ﬁﬁ ﬁ ..............................................................................
ﬁ? N
- , 1

* DNA and protein release

suppressed
— +* * X * Caspase activity
High-voltage 3 :lllppfessed ditioni
* Plasma preconditioning
plasma & PEF g redirects PEF-induced

cell death pathway

# Proteins W@t DNA

Figure 22 Schematic summary of voltage-dependent outcome bifurcation in sequential plasma-
PEF treatment of C. vulgaris 24 h after treatment. The untreated cell (left) contains proteins
(pink stars) and DNA (orange) within an intact membrane. Following PEF alone, or low-voltage
plasma pretreatment combined with PEF (upper path), membrane permeabilization is
accompanied by caspase-dependent programmed cell death markers and progressive release of
proteins and DNA into the surrounding environment. Following high-voltage plasma
pretreatment combined with PEF (lower path), membrane permeabilization occurs but
macromolecular contents are retained intracellularly, caspase activity is suppressed.

This divergence was not explained by differences in gross membrane
permeability. Both low- and high-voltage plasma-PEF sequences reached
comparable SYTOX Green uptake at 24 h. However, their downstream
pathways diverged sharply. Since the electrical input stayed the same, it
appears that plasma pretreatment must have altered the cellular state in which
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the permeabilization occurred. This led to a change in the downstream
biological outcomes.

Control experiments constrain the origin of the high-voltage phenotype.
Temperature-matched pretreatment, plasma-activated supernatant exposure,
and conductivity-controlled supernatant replacement all failed to reproduce
the reduced macromolecular release observed after direct high-voltage plasma
pretreatment, and BSA controls excluded plasma-driven loss of protein
detectability under the analytical conditions used. Together, these
comparisons indicate that secondary medium effects are insufficient and that
direct plasma-cell interaction is required, with discharge voltage providing a
clear axis for mechanistic investigation even if the responsible plasma
component is not yet isolated.

The high-voltage plasma-PEF phenotype does not correspond to either of
the programmed cell death pathways associated with PEF treatment in
C. vulgaris. Apoptosis would manifest as elevated caspase activity, membrane
blebbing, and controlled cellular dismantling with macromolecular release
[80,81]. Necrosis, although caspase-independent, proceeds through
uncontrolled membrane rupture leading to bulk content release and structural
disintegration [80]. Neither pattern was observed here. Instead, the data show
a combination that is incompatible with both: membrane permeabilization
without bulk macromolecular release, suppressed rather than elevated caspase
activity, and preserved cellular architecture sustained over 72 h. This
phenotype has not been previously reported in plasma-PEF studies and
represents a qualitatively distinct biological response that falls outside
established death classification frameworks.

The mechanism underlying this voltage-dependent divergence is not yet
resolved. What the experimental design does establish is where the relevant
modification must operate. Since identical PEF parameters produced opposite
outcomes depending on prior plasma exposure, the change must occur before
permeabilization rather than during it. The control experiments further
localize this effect. The high-voltage phenotype requires something that direct
plasma-cell contact provides and that neither heating, long-lived reactive
species accumulation in the medium, nor conductivity changes can replicate.

Whether the disconnect between dye entry and macromolecular escape
arises from plasma-induced modifications to the cell envelope, from
disruption of intracellular execution pathways, or from some combination of
these cannot be distinguished from the present data. What the results do
establish is that cellular response context shapes how a fixed electrical input
translates into phenotype. Conventional electroporation frameworks often
treat permeabilization as the primary determinant of outcome. These findings

49



suggest that in C. vulgaris, permeabilization is necessary but not sufficient.
The downstream consequences depend on processes that plasma pretreatment
disrupts or redirects.

This interpretation aligns with evidence that PEF-induced macromolecular
release in microalgae depends substantially on post-pulse processes. Scherer
et al. (2019) demonstrated that extraction-relevant protein recovery from
C. vulgaris is strongly driven by events occurring after loss of viability, likely
involving enzymatic activity triggered by cell death rather than the electrical
pulse itself [20]. Krust et al. (2022) demonstrated that C. vulgaris contains a
cell death-inducing factor that is released upon disruption (whether by PEF or
mechanical methods) and can trigger death in neighboring cells. This indicates
that post-treatment outcomes in microalgal populations involve not only
passive diffusion but also active biological signaling among cells [21].
Whether plasma pretreatment acts at the level of the cell envelope,
intracellular signaling, or enzymatic execution remains unresolved, but the
caspase data provides a more direct window into this question.

The shift in caspase 3-like activity further supports a change in PEF
execution logic rather than increased damage. PEF treatment alone produced
a pattern consistent with classical PEF-induced cell death in microalgae:
elevated caspase 3-like activity reaching approximately 250% of control,
substantial DNA and protein release, and progressive morphological
deterioration culminating in aggregation and bacterial overgrowth. This
trajectory aligns with evidence that extraction-relevant macromolecular
release from C. vulgaris depends substantially on post-pulse enzymatic
processes triggered by cell death rather than the electrical pulse itself [20], and
that disrupted cells release a death-inducing factor capable of propagating
lysis through neighboring populations [21]. High-voltage plasma pretreatment
yielded an opposing trajectory. Despite comparable membrane
permeabilization, caspase 3-like activity fell below baseline levels,
macromolecular release was strongly suppressed, and cellular morphology
remained intact at 72 hours. If high-voltage plasma disrupts the execution
machinery required for autolytic processes, whether by modifying envelope
structure, depleting required cofactors, or inactivating key enzymes, the result
would be a permeabilized cell that is metabolically inactivated but cannot
complete the downstream processes required for bulk release.

Caspase-independent death pathways are well established in mammalian
systems and include routes such as paraptosis and autophagy-dependent cell
death, alongside regulated necrosis programs that proceed without caspase
activation [82]. These pathways differ in their terminal phenotype. Some, like
necroptosis, culminate in membrane rupture and content release. Others, such
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as oxeiptosis, proceed through ROS-sensing circuits without inflammatory
signaling or extensive macromolecular leakage [83,84]. The high-voltage
plasma-PEF phenotype in C. vulgaris shares some features with these
contained death modes. However, direct alignment with any mammalian
pathway would be premature. The phylogenetic distance between green
microalgae and mammalian systems is substantial [81], the molecular
machinery governing cell death execution in microalgae remains incompletely
characterized, and the present data do not include pathway-specific markers
beyond caspase 3-like activity [85]. What can be stated is that the phenotype
is real, reproducible, and distinct. Its mechanistic basis warrants dedicated
investigation.

The microbiological dynamics observed during post-treatment incubation
provide independent, population-level support for the retention phenotype.
That PEF-disrupted algal cells release bioavailable carbon and nitrogen
capable of sustaining bacterial growth is not a self-evident assumption.
Chapter 3 of this thesis establishes it directly: lysate-growth assays confirmed
that Delftia sp. proliferates in PEF-treated algal extract at rates comparable to
fresh growth medium, and antimicrobial screening showed no inhibitory
activity in the released material. Given this, the conventional PEF-like
trajectory, with its substantial macromolecular efflux, would be expected to
create permissive conditions for opportunistic bacterial growth, and this is
precisely what was observed: aggregation followed by bacterial overgrowth
during post-treatment incubation. Under high-voltage plasma-PEF conditions,
where macromolecular release was strongly suppressed, these downstream
signatures were absent. The two outcomes are therefore not only
biochemically distinct but ecologically distinguishable, and the convergence
of molecular and population-level evidence on the same conclusion
strengthens confidence in the retention phenotype even where its mechanistic
basis remains unresolved.

Methodologically, a major strength of this work is the explicit separation
of direct plasma-cell interaction from secondary medium effects. This is an
essential distinction in plasma biology, where temperature shifts and long-
lived reactive species can otherwise dominate interpretation [72]. The multi-
timepoint window (2-72 h) also demonstrates that the high-voltage phenotype
is sustained rather than a simple delay of conventional lysis. These findings
have implications for both fundamental understanding and application.
Mechanistically, they support the view that PEF outcome is shaped by cellular
state, not permeabilization alone. Practically, the high-voltage phenotype,
metabolic inactivation without bulk release, may prove useful for applications
requiring inactivation without product leakage, though process optimization
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would be required. The main limitations relevant for interpretation are that the
responsible direct plasma component was not isolated; amino acids were
quantified as leucine equivalents, limiting biochemical specificity; and
caspase 3-like activity is an operational readout that cannot, by itself, identify
the executing protease class or pathway in microalgae [85]. Finally, the study
focuses on one wall-bearing green alga; generalization will require
comparative testing across taxa and envelope architectures.
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2.5 Key Findings

GAD plasma treatment induced systematic voltage-dependent
modifications in BG-11 medium. At 250 V, temperature reached 54°C, pH
decreased to 7, conductivity rose to 3.3 mS/cm, and reactive species
accumulated (NO2~ 1.67 mM, NOs~ 28.9 mM, H:0: 17.4 mM). Direct
biological effects of plasma on C. vulgaris were observed only at high voltage.
250 V plasma exposure alone caused ~25% membrane permeabilization and
metabolic inactivation, while lower voltages produced no significant cellular
effects.

Sequential plasma-PEF treatment produced voltage-dependent response
patterns that could not be predicted from individual treatments. Low-voltage
plasma pretreatment (130 V) followed by PEF (25 kV/cm, 7 us, 10 pulses)
yielded a conventional PEF-like phenotype: high membrane permeabilization,
substantial DNA and protein release, metabolic inactivation, and progressive
morphological deterioration. High-voltage plasma pretreatment (250 V)
followed by identical PEF parameters produced a fundamentally different
outcome: comparable membrane permeabilization but strongly suppressed
macromolecule release, preserved morphology at 72 h, and metabolic
inactivation without bulk lysis.

Control experiments established that this divergence required direct
plasma-cell interaction. Thermal pretreatment matching plasma-induced
temperatures (41-54°C), plasma-activated supernatant exposure, and
conductivity-matched medium exchange all failed to reproduce the high-
voltage phenotype. Secondary medium effects alone were insufficient.

Cell death pathway analysis revealed that plasma pretreatment altered
death execution in C. vulgaris. PEF alone produced the classical PEF-induced
pattern: elevated caspase 3-like activity (approximately 250% of control),
substantial macromolecule release, and progressive morphological
deterioration. High-voltage plasma pretreatment fundamentally altered this
trajectory. Despite comparable membrane permeabilization, caspase 3-like
activity was suppressed below control levels, macromolecule release was
strongly reduced, and cellular morphology remained intact at 72 h. This
pattern is distinct from classical PEF-induced cell death in microalgae and
does not fit either caspase-mediated apoptotic pathways or necrotic lysis.
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CHAPTER 3. PEF Effects on Microalgae-Bacteria Co-culture
3.1 Introduction

Industrial microalgae cultivation is rarely axenic. Bacteria persist in open
ponds and many photobioreactor systems, where they can alter algal growth,
reshape biomass composition, and complicate downstream processing [86].
PEF has been established as an effective method for extracting intracellular
proteins from C. vulgaris, with reported yields of approximately 20-30% of
cell dry weight at field strengths of 25-40 kV/ecm under monoculture
conditions [13,15,20]. Whether comparable extraction efficiency and purity
can be achieved from non-axenic cultures, where bacterial proteins may co-
extract alongside algal material, is therefore a practically relevant but largely
unresolved question. For microalgal biorefineries, this matters: the question is
not whether PEF disrupts algae under controlled conditions, but whether it can
do so selectively enough in mixed populations to support clean product
recovery without additional purification steps.

A first-order biophysical expectation suggests that selective responses
should be achievable. According to the Schwan equation, the induced
transmembrane voltage scales linearly with cell radius under a given external
field [1,38]. This implies that larger eukaryotic microalgae reach the critical
permeabilization threshold at lower field strengths than smaller bacteria.
However, cell architecture is not the only determinant of PEF susceptibility.
Growth phase has been identified as a significant modulator of bacterial
electrical resistance in monoculture studies, though the direction of the effect
is species-dependent: stationary-phase Listeria and Salmonella cells show
increased resistance relative to exponential-phase counterparts [62,87,88],
while exponential-phase E. coli strains tend to be more susceptible [61].
Whether comparable state-dependent variation occurs in bacteria co-existing
with microalgae, and whether it can be exploited for selective treatment, has
not been examined. Whether algal PEF susceptibility varies with growth phase
has received limited attention in the literature. In practice, PEF-based
extraction from microalgae is conventionally applied at the end of cultivation,
when total biomass concentration reaches its maximum and harvest is
economically justified [13,15,20,89]. As a consequence, there has been little
practical motivation to treat cultures at earlier stages, and whether electrical
susceptibility changes across growth phases remains an open question that this
chapter addresses directly. Co-cultures introduce additional determinants of
effective exposure and damage. Aggregation, cell-to-cell shielding,
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extracellular polymers, and conductivity microgradients can distort local
fields, while metabolic coupling and stress adaptation can shift membrane
composition, repair capacity, and death pathways. In this context, treatment
outcome may be governed as much by community organization and
physiological state as by species identity. This possibility extends the
response-context principle developed earlier in the dissertation to the
community scale: if cellular state shapes individual PEF outcomes, then
differential states across co-existing populations may determine community-
level selectivity.

Evidence for differential electrical susceptibility in mixed populations
exists, but it is not yet tailored to the algae-bacteria scenario that dominates
microalgal biotechnology [90]. Simonis et al. reported selective inactivation
in acid whey, achieving >3 logio reduction of Saccharomyces cerevisiae
(yeast) while reducing Lactobacillus (bacteria) populations by only 1-2 logio
under identical treatment conditions (25 kV/cm, 100 ps) [40]. Similarly, Rego
et al. showed selective elimination of predatory microorganisms (rotifers and
ciliated protozoans) in C. vulgaris cultures (900 V/cm, 50 Hz, 65 us) while
maintaining algal viability [39]. These examples support feasibility of
selectivity in principle, yet direct tests of microalgae-bacteria selectivity
remain uncommon, despite their frequent co-occurrence in industrial and
natural aquatic systems.

Whether community context can override monoculture-based expectations
is particularly plausible because interaction outcomes themselves can switch
with environment. High-throughput analysis of Chlamydomonas-Escherichia
coli communities across over 500 environmental conditions revealed that pH,
nutrient availability, and carbon source identity function as master switches
controlling interaction outcomes [91]. Because bacterial membrane
composition, metabolic activity, and stress tolerance shift across growth
phases, electrical susceptibility in co-cultures may vary with cultivation
timing, not only with treatment parameters. If cultivation conditions act as
master variables for interaction structure, then responses to electrical stress
may likewise depend on the starting physiological state of each population
rather than on cell architecture alone.

If cell size governs electrical susceptibility as electroporation theory
predicts, algae should be consistently inactivated at field strengths that leave
smaller bacteria largely unaffected. However, if physiological state modulates
susceptibility, bacterial responses may vary with growth phase even under
constant PEF parameters. This study tests both possibilities.

Selectivity in this context is defined operationally: algal protein recovery
without proportional bacterial protein contamination in the extract. From this
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perspective, selectivity is not a theoretical size effect but an emergent outcome
of physiology, community context, and post-treatment dynamics. The
bacterial isolate used here, Delftia sp., was previously isolated from
C. vulgaris cultures [see Paper III of this thesis]. It is a gram-negative, rod-
shaped bacterium belonging to the Betaproteobacteria, commonly
encountered in microalgal cultivation systems and aquatic environments,
making it an ecologically relevant rather than arbitrarily chosen model
contaminant.

Aim of this chapter: To investigate how physiological state and
community context affect PEF responses in algae-bateria co-cultures, and to
evaluate whether differential susceptibility enables selective algal protein
extraction.

Objectives:

1. To characterize medium-dependent community dynamics and identify
conditions supporting substantial bacterial populations for PEF testing.

2. To quantify species-specific PEF susceptibility and its dependence on
growth phase and treatment energy.

3. To evaluate whether differential susceptibility enables selective algal
protein extraction from co-cultures.

3.2 Materials and Methods

Bacterial Strain

The bacterial isolate used in this study, identified as Delftia sp. (GenBank
accession OP777498.1, 98% identity to D. tsuruhatensis), was previously
isolated and characterized from C. vulgaris (UTEX 395) cultures at the
Arizona Center for Algae Technology and Innovation (for more details see
Paper I1I of this thesis). The strain was maintained on tryptic soy agar at 30°C
and cultured aerobically in tryptic soy broth (TSB) with shaking at 30°C for
24 hours prior to co-culture inoculation.

Algae Cultivation

Microalgal Culture. C. vulgaris (SAG strain 211-12, University of
Gottingen) axenic pre-cultures were maintained in TAP medium at 21 £+ 1°C
under 90 umol m™ s™! photosynthetic photon flux density with 16:8 hour
light:dark cycles and continuous shaking at 150 rpm. Cultures were harvested
during stationary phase (7 days) for experimental use.

Co-culture Establishment and Monitoring

Medium Formulations. C. vulgaris grows primarily autotrophically, fixing
CO: as its carbon source, while Delftia sp. is strictly heterotrophic. Organic
carbon availability therefore directly determines bacterial physiological state
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before PEF treatment. Three media were selected to vary this: TAP provides
organic carbon (17.49 mM acetic acid) supporting both organism growth; BG-
11 relies on CO: as the sole carbon source, limiting bacterial growth; BG+AA
supplements BG-11 with 17.49 mM acetic acid, matching TAP carbon
content. Complete medium compositions are provided in Table S1 at Paper II1
of this thesis.

Co-culture Protocols. Experiments were conducted in sterile 250 mL
Erlenmeyer flasks under controlled conditions (see Microalgal Culture).
Standardized inocula of ODss0 = 0.1 for C. vulgaris and ODsoo = 0.01 for
Delftia sp. were used. Parallel monoculture controls were maintained under
identical conditions. Cultivation extended to 7 days without external CO:
supplementation, with daily sampling for population and chemical analysis.

Population Monitoring. Cell viability and mortality were assessed using
flow cytometry (Attune™ Nxt) with differential fluorescent staining. SYTO®
9 (0.5 uM) provided total cell counts, YO-PRO-1® (0.5 uM) assessed
membrane integrity (dead/damaged cells), and fluorescein diacetate (FDA, 0.5
pM) indicated algae metabolic activity. Chlorophyll-a autofluorescence
distinguished algal from bacterial populations. Standard calculations
determined viability and mortality percentages for each population.

Chemical Analysis. Daily centrifuged supernatants were analyzed for
NH4*, NO:", and NOs™~ using colorimetric test kits (Merck KGaA), and acetic
acid via enzymatic assays (Megazyme). pH was measured using a calibrated
electrode. For more details look into Paper III of this thesis.

Pulsed Electric Field Treatment

PEF System Configuration. Treatments employed a continuous-flow
system with transmission-line pulse generator delivering rectangular pulses.
The treatment chamber housed plane-parallel stainless-steel electrodes
separated by 2 mm gap within a polycarbonate structure designed for sterile
operation.

Treatment Protocols. Two energy levels were investigated. Low-energy
treatment (PEF 1: 40 kV/cm, 1 ps, 0.2 Hz, 4 J/mL) was designed to achieve
selective algal inactivation while leaving bacterial populations partially intact.
High-energy treatment (PEF 2: 40 kV/cm, 1 ps, 5 Hz, 100 J/mL) was applied
to assess whether conditions targeting both cell types simultaneously would
preclude selective extraction. Treatments were applied at three time points
during co-culture development. Day 1: Early exponential phase (active
bacterial proliferation). Day 3: Late exponential/early stationary transition
(bacterial starvation onset). Day 7: Stationary phase (established community
structure).
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Aseptic Processing. Cell suspensions (100 mL) in sterile sealed flasks were
connected via sterile tubing to the PEF system. Peristaltic pumping at 0.05
mL/s ensured uniform treatment. Samples were collected at 0-, 2-, and 24-
hours post-treatment to capture immediate and delayed effects.

Protein Extraction Studies. For extraction experiments, co-cultures were
concentrated to 5 g/L dry weight through centrifugation (10,000 x g, 5
minutes) prior to treatment. High-pressure homogenization (HPH) served as
mechanical disruption control (EmulsiFlex-C3, 2000 bar, 5 passes with ice
cooling).

Protein Extraction and Quality Analysis

Extraction Protocols. Following PEF or HPH treatment, samples
underwent aqueous extraction with gentle stirring. Supernatants were
separated through centrifugation (15,000 x g, 15 minutes), filtered (0.45 pm),
and concentrated using ultrafiltration (10 kDa MWCO). Protein concentration
was determined using Bradford assay with bovine serum albumin as standard.
Extraction yield was calculated as protein recovered per cell dry weight.

SDS-PAGE Analysis. Protein profiles were characterized through sodium
dodecyl sulfate polyacrylamide gel electrophoresis optimized for 10-250 kDa
separation. Samples were mixed with Laemmli buffer containing p-
mercaptoethanol, heated at 95°C for 5 minutes, and electrophoresed at
constant voltage. Protein visualization employed Coomassie brilliant blue
staining. Molecular weight determination utilized standard protein markers
with GelAnalyzer software for band intensity quantification (R? > 0.99).

Antimicrobial Activity Testing. Algal extracts were assessed for
antimicrobial properties through agar diffusion assays against Delftia sp. and
Escherichia coli. Additionally, bacterial growth curves in diluted algal
extracts were monitored spectrophotometrically.

Statistical Analysis

All experiments were conducted with >3 biological replicates. Viability
and related quantitative datasets were evaluated using one-way ANOVA
under defined conditions of interest, followed by Tukey’s HSD for post-hoc
comparisons. Data are presented as means + SD, with statistical significance
set at p <0.05.
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3.3 Results
3.3.1 Medium-Dependent Community Dynamics

The cultivation of C. vulgaris and Delftia sp. in different growth media
revealed distinct interaction patterns and biomass production levels.

In TAP medium, which contains abundant organic carbon (17.49 mM
acetic acid), bacterial populations showed rapid proliferation which reached
peak cell concentration (1.5-2x10% cells/mL) within the first 24 hours of
cultivation. During this period acetic acid was completely depleted from the
medium. This swift resource consumption established nutrient-limiting
conditions early in the cultivation period. Following nutrient depletion,
bacterial proliferation ceased and prolonged starvation initiated gradual
bacterial death, with mortality increasing from day 3 onwards. Under these
nutrient-limiting conditions, algal populations exhibited notably slower
growth compared to monoculture controls. By day 7, co-cultured algae
achieved only ~ 4x107 cells/mL, while monocultures reached 7x107 cells/mL,
representing a 40% reduction compared to monoculture concentrations (see
Figs. 4A and B, at Paper III of this thesis).

Under BG-11 conditions (0.02 mM citrate), bacterial growth was minimal
(<1 x 107 cells/mL) which followed fast decline in viability from day 3 (see
Figs. 4C and D, at Paper III of this thesis). Algal cell concentrations in co-
culture exceeded monoculture concentrations, with enhanced cell densities
apparent from day 2 onward. BG-11 monocultures reached 4-6x107 cells/mL
by day 7, while co-cultures achieved approximately 6x107 cells/mL.

Supplementing BG-11 medium with acetic acid (BGt+AA) supported
bacterial growth up to ~ 3-6 x107 cells (see Figs. 4E and F, at Paper III of this
thesis). After reaching this peak, the population gradually declined, consistent
with patterns observed in TAP co-cultures. Co-cultured C. vulgaris achieved
approximately 8x107 cells/mL by day 7, almost two-fold higher than BG+AA
monocultures. In contrast, algal monocultures in BG+AA remained at
concentrations similar to BG-11 monocultures (~4x107 cells/mL). Chemical
analysis detected rapid acetic acid consumption in co-cultures (similar to TAP
medium), while monocultures showed no detectable reduction over the
cultivation period. Ammonium concentrations were higher in bacteria-
containing samples compared to algal monocultures.

Based on these cultivation patterns, TAP medium was selected for
subsequent PEF treatment experiments due to substantial bacterial
populations enabling co-culture analysis under treatment conditions.

For more details regarding this subject see Paper III of this thesis.
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3.3.2 Differential PEF Susceptibility Between Species

PEF treatments were applied at three time points (days 1, 3, and 7) using
two energy protocols: low-energy treatment (4 J/mL, designated PEF 1) and
high-energy treatment (100 J/mL, designated PEF 2). Flow cytometry with
differential staining enabled simultaneous tracking of algal and bacterial
populations within co-cultures.

C. vulgaris demonstrated remarkably consistent susceptibility to electrical
treatment regardless of growth phase, medium composition, or bacterial
presence (Fig. 23A, B, C). Low-energy treatment (PEF 1) achieved greater
than 95% algal inactivation across all experimental conditions tested. High-
energy treatment (PEF 2) produced complete algal inactivation in nearly all
cases, with cell death (mortality) approaching 100% within hours of treatment.

Bacterial populations exhibited substantially more complex response
patterns that varied with both growth phase and culture conditions
(monoculture vs. co-culture).

In bacterial monocultures, day 1 treatments produced minimal inactivation
(Fig. 23D). Low-energy treatment (PEF 1) achieved less than 20% mortality
within 2 hours, while high-energy treatment (PEF 2) produced approximately
40-50% inactivation, with maximal effects observed only after 24-hour
incubation.

Day 3 monoculture treatments revealed peak bacterial susceptibility (Fig.
23E). Both PEF 1 and PEF 2 achieved 70-80% bacterial inactivation within 2
hours, representing a 10-fold increase in susceptibility compared to day 1.

By day 7, bacterial monocultures showed high baseline mortality (>50%)
even without PEF treatment due to prolonged nutrient depletion (Fig. 23F).
PEF treatment at this time point produced minimal additional inactivation, as
most bacteria were already dead before electrical treatment.

In co-cultures with algae, bacterial responses to PEF at days 1 and 3
followed similar patterns to monocultures, with day 3 showing maximum
susceptibility (70-85% inactivation) (Figs. 23G, H). However, day 7 co-
cultured bacteria displayed a distinct response in which early (2 h) PEF-
induced inactivation was followed by full recovery and enhanced viability by
24 h compared to untreated controls (Fig. 231).
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Figure 23 PEF induced changes in C. vulgaris algae (A, B, C) and Delftia sp. bacteria viability
when the bacteria were cultivated alone (D, E, F) or in co-culture with algae (G, H, I). PEF
treatments were performed on days 1 (A, D, G), 3 (B, E, H) and 7 (C, F, I) of cultivation, and
viability changes were determined 2 h and 24 h PEF post-treatment. Untreated samples were
used as a control. Adapted from Paper IV of this thesis.

3.3.3 Post-Treatment Community Dynamics

Extended monitoring revealed temporal changes in bacterial populations
following PEF treatment of day 7 co-cultures. Beginning approximately 2
hours post-treatment, bacterial populations initiated rapid proliferation that
continued for at least 24 hours (Fig. 24). By 24 hours post-treatment, PEF 2
samples contained up to 4-fold higher bacterial concentrations compared to
untreated control cultures.
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Figure 24 Viable Delftia sp. bacteria count 2 h and 24 h post PEF treatment on day 7. Bacteria
were cultured alone or in co-culture with C. vulgaris. Adapted from Paper IV of this thesis.

This response was observed exclusively in co-culture samples, never
appearing in bacterial monocultures treated under identical conditions. The
magnitude of bacterial proliferation showed direct correlation with applied
electrical energy, with PEF 2 treatments consistently producing greater
proliferation than PEF 1.

3.3.4 Nutrient Release from Disrupted Algal Cells

Agar diffusion assays using PEF-treated algal monoculture lysates showed
no inhibition zones against Delftia sp. (Fig. 25) or control E. coli strains (see
Supp. Fig. 2, at Paper IV of this thesis), indicating absence of antimicrobial
compounds.

Figure 25 Antibacterial effect of C. vulgaris PEF1, PEF2 and HPH extract on Delftia sp. First
Petri dish without bacteria and algal extract (A). Other plates with bacteria and wells with
extracts from cultured algae alone (B) or in combination with bacteria (C). Adapted from Paper
IV of this thesis.
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Spectrophotometric monitoring of Delftia sp. freshly inoculated into PEF-
treated algal monoculture lysates showed growth kinetics comparable to those
in fresh TAP (Fig. 26).
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Figure 26 Delftia sp. optical density changes during cultivation in C. vulgaris PEF treated
extract and fresh TAP medium. Adapted from Paper IV of this thesis.

3.3.5 Selective Algal Protein Extraction

Given the demonstrated bacterial proliferation following PEF treatment of
co-cultures, the potential for bacterial protein contamination in algal extracts
required systematic investigation.

PEF treatment achieved protein extraction yields approximately 25% of
algal dry weight (Fig. 27). Yields showed non-significant variations across
different conditions: algal monocultures versus co-cultures, and PEF 1 versus
PEF 2 energy levels. HPH extraction exceeded 50% of algal dry weight,
marginally higher than PEF treatment.
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Figure 27 HPH and PEF facilitated protein extraction from C. vulgaris biomass cultivated alone
or in co-culture with Delftia sp. bacteria. Adapted from Paper IV of this thesis.
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SDS-PAGE analysis revealed differences in protein composition between
treatment methods and culture conditions (Fig. 28). PEF-treated algal
monocultures established the characteristic algal protein pattern, with major
bands distributed across the 10-250 kDa range. PEF-treated co-culture
samples displayed protein patterns similar to monoculture samples across all
energy levels tested.

In contrast, HPH-treated co-culture samples revealed a novel protein band
at approximately 27 kDa (molecular weight determination R* = 0.992) that
was absent from all other sample types. This band appeared consistently
across multiple experimental replicates of HPH-treated co-cultures but never
appeared in HPH-treated monocultures or any PEF-treated samples.
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Figure 28 Visualization of protein extracts obtained by HPH and PEF treatment by SDS-PAGE.
Samples obtained from concentrated C. vulgaris biomass (5 g/l) cultivated alone (A) or co-
cultivated with bacteria (A+B). Adapted from Paper IV of this thesis.

3.4 Discussion

The application of PEF to microalgae-bacteria co-cultures revealed effects
that extend beyond anticipated outcomes for single-population treatments.
Algal responses were robust and reproducible, whereas bacterial fate
depended strongly on cultivation stage and, critically, on whether algal
biomass was present. This positions PEF as more than a disruption technique:
in mixed systems it can act as a trigger that shifts community trajectories
(extraction vs. bioconversion), depending on timing and post-treatment
handling.
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PEF treatment achieved algal inactivation exceeding 95% across all tested
conditions, even at relatively low specific energy input (4 J/mL). This high
inactivation persisted at 24 h, indicating that outcomes are shaped not only by
immediate membrane permeabilization but also by delayed post-treatment
processes during incubation. This effectiveness remained consistent
regardless of bacterial presence, with protein release patterns stabilizing at
approximately 25% of cell dry weight. These values are comparable to those
reported in prior monoculture studies [16,21,92]. The sustained inactivation
observed 24 h may be consistent with release of cell death inducing factors
(CDIF) by PEF-treated algae, as demonstrated by Krust et al. (2022) [21].
However, this should be treated as a candidate mechanism rather than a settled
explanation in the present system. This framing aligns with the assumption
that selectivity in co-culture is governed not only by field parameters but by
state-dependent dynamics after the pulse.

Bacterial susceptibility to PEF, in contrast, proved strongly growth-phase
dependent. Maximum inactivation (70-80%) assessed by flow cytometry
occurred on day 3 of cultivation, coinciding with starvation/long-term
stationary conditions in Delftia sp. following exhaustion of available organic
carbon (see Paper III of this thesis). During active growth on day 1, bacterial
inactivation remained below 20% at the lower energy setting and increased
only partially at higher energy input. This growth-phase dependence supports
the hypothesis posed in the introduction: physiological state, not cell
architecture alone, governs bacterial susceptibility to PEF in co-cultures. The
pattern contradicts commonly reported trends for model bacteria (e.g.,
exponential-phase E. coli often showing higher vulnerability than stationary-
phase cells under comparable fields), implying a species-by-medium-by-state
interaction rather than a universal rule. In TAP-grown Delftia, starvation-
associated remodeling could plausibly reduce repair capacity, alter envelope
structure, and shift energy metabolism in ways that amplify electrical injury;
alternatively, cell-envelope architecture specific to this isolate may dominate.
Resolving these alternatives requires targeted characterization (membrane
composition, stress-response proteins, and metabolic status across phases),

(P

because the observation is central to the chapter's "state vs. size" argument.
The most significant co-culture-specific outcome was the unexpected
bacterial rebound observed at late cultivation, where viable Delftia sp.
populations increased approximately four-fold within 24 h following PEF
treatment (day 7 condition). Importantly, this rebound occurred in co-cultures
but not in bacterial monocultures, arguing against a direct "stimulation" effect
of PEF on bacteria and instead pointing to a resource-context explanation

created by algal injury. The temporal coupling between algal disruption and
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bacterial growth strongly suggests that damaged algal biomass becomes a
substrate pool. In other words, PEF can convert part of the algal population
into bioavailable carbon and nitrogen for the bacterial population, without
external substrate addition. This interpretation is supported by the lysate-
growth assays (bacterial growth in algal lysate) and the absence of inhibition
in antimicrobial screening, which together indicate that the post-PEF
extracellular environment is permissive for bacterial regrowth rather than
suppressive.

Delftia sp. regrowth mechanism also clarifies why "selective treatment"
should be defined carefully. The results support selective disruption/extraction
rather than selective sterilization. This differential response between algae and
bacteria has precedent in mixed-population studies. Simonis et al. (2019)
achieved greater than 3 logio reduction of Saccharomyces cerevisiae while
reducing Lactobacillus populations by only 1-2 logio in acid whey [40], and
Aronsson et al. (2001) demonstrated higher yeast sensitivity compared to
bacterial species in food matrices [93]. Such selectivity typically reflects
fundamental biological differences in cell wall structure, membrane
composition, and cellular organization between prokaryotic and eukaryotic
cells. In the present system, algal cells underwent permeabilization sufficient
to release intracellular proteins into the surrounding medium. Whereas
bacterial cells subjected to identical fields largely retained envelope integrity,
preventing substantial protein leakage even when a fraction of cells lost
viability. This distinction is reflected in protein analysis. SDS-PAGE profiles
from PEF-treated co-cultures matched algae-only extracts across the dominant
molecular-weight range, and no additional bacterial-associated bands were
detected under these conditions. By contrast, HPH treatment of the same co-
culture produced a distinct band at ~27 kDa that was absent from algae-only
HPH extracts and absent from PEF extracts. While this band is consistent with
bacterial protein release during non-selective mechanical disruption,
biochemical identification (e.g., LC-MS/MS) is required before assigning
origin. By the operational definition established in the introduction, algal
protein recovery without bacterial protein contamination, PEF achieved
selectivity under the tested conditions, whereas HPH did not.

The selective disruption demonstrated here enables two fundamentally
different processing strategies. First, in cascade bioprocessing applications,
bacterial proliferation is not a contamination problem but rather the intended
outcome. PEF-lysed algal material provides growth substrate for bacterial
production of secondary metabolites such as biopolymers, pigments, and
specialty chemicals without requiring external carbon or nitrogen
supplementation. This approach could integrate algal cultivation for CO:
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capture with subsequent bacterial production stages, where PEF-treated algal
lysate serves as growth medium for value-added compound synthesis. The
strategy circumvents the substantial costs associated with maintaining axenic
algal cultures, which industry reports estimate can account for significant
fractions of production expenses [37]. Similar substrate utilization patterns
have been demonstrated: Ricos-Mufioz et al. (2023) observed enhanced
Lactobacillus rhamnosus growth in media supplemented with PEF-treated
Chlorella and Spirulina extracts [94]. While established wastewater treatment
systems operate on this sequential principle, where algae capture CO: and
nutrients before bacteria process the algal biomass for products [95,96]. These
observations collectively reposition PEF from a straightforward extraction
technology into a tool for deliberate restructuring of microbial community
dynamics, where selective population disruption creates conditions favoring
targeted organisms. Here, extended contact between bacteria and lysed algae
is desirable, and axenic cultivation becomes unnecessary.

The second approach emphasizes PEF as a viable method for treating co-
cultured algae, which are cheaper and easier to maintain than axenic
monocultures, while achieving extract purity equivalent to monoculture
standards. SDS-PAGE analysis confirmed that protein profiles from PEF-
treated co-cultures were identical to those from algae-only cultures, showing
no bacterial protein contamination despite viable Delftia sp. presence
throughout treatment. This capability addresses a major industrial constraint:
axenic cultivation systems require substantial capital investment and
operational costs [37], yet PEF treatment of non-axenic cultures produces
extracts meeting the same quality standards. HPH treatment cannot ensure this
equivalence. Mechanical disruption releases bacterial proteins during
processing itself, producing the 27 kDa contamination band observed in co-
cultured samples. However, maintaining extract purity with PEF requires one
critical step: rapid bacterial elimination or alternative methods that prevent
bacterial regrowth and secondary metabolite production. The bacterial
proliferation observed on day 7 demonstrates that delayed separation allows
bacteria to metabolize released algal components, leading to protein
degradation, metabolite accumulation, and compromised product quality.
These outcomes are particularly problematic for food and pharmaceutical
applications where purity and safety standards are strict [97,98]. Industrial
implementation therefore demands immediate biomass separation (within
hours), temperature control during processing, or antimicrobial preservation
methods that maintain extract integrity without introducing chemical
contaminants.
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Several limitations constrain interpretation. The mechanistic basis of
Delftia susceptibility during starvation remains unresolved and should be
tested by envelope and stress-physiology profiling across growth phases. The
post-PEF metabolite environment driving bacterial regrowth was inferred
functionally but not chemically mapped; quantifying dissolved organic carbon
and key metabolite classes would convert the rebound interpretation from
plausible to causal. The ~27 kDa band observed after HPH, though consistent
with bacterial origin, requires biochemical confirmation. Finally, only one
algal strain and one bacterial isolate were tested; broader validation across
bacteria commonly present in non-axenic algal cultures is required to
generalize extraction-selectivity claims.
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3.5 Key Findings

Medium composition determined community dynamics between
C. vulgaris and Delftia sp. TAP medium, containing abundant organic carbon
(17.49 mM acetic acid), supported rapid bacterial proliferation reaching 1.5-
2x10# cells/mL within the first days. BG-11 and BG+AA remained algae-
dominant with minimal bacterial growth (<I1x107 cells/mL). TAP was
therefore selected for PEF selectivity testing.

PEF treatment revealed distinct susceptibility patterns between species.
C. vulgaris demonstrated consistent susceptibility regardless of growth phase,
medium composition, or bacterial presence: low-energy treatment (40 kV/cm,
1 ps, 4 J/mL) achieved >95% inactivation, high-energy treatment (40 kV/cm,
1 ps, 100 J/mL) exceeded 99% inactivation across all conditions. Bacterial
responses differed fundamentally. Delftia sp. susceptibility depended strongly
on growth phase: day 1 (exponential growth) showed minimal inactivation,
day 3 (starvation) reached maximum susceptibility (70-80% inactivation), and
day 7 showed high baseline mortality masking treatment effects.

Post-treatment bacterial dynamics revealed a co-culture-specific outcome.
At day 7, surviving bacteria rebounded approximately four-fold within 24 h,
but only in co-cultures. This regrowth never occurred in bacterial
monocultures under identical treatment. Antibacterial assays showed no
inhibition zones against Delftia sp. or E. coli from PEF-treated algal lysates,
and bacterial growth kinetics in algal lysates matched fresh TAP medium.
These results confirm that PEF-released algal substrates support bacterial
proliferation rather than inhibit it.

Protein extraction analysis supported selective recovery from co-cultures.
PEF achieved protein yields of approximately 25% of algal dry weight,
comparable to monoculture reports. SDS-PAGE profiles from PEF-treated co-
cultures were indistinguishable from algal monocultures. In contrast, HPH-
treated co-cultures revealed an additional ~27 kDa band absent from all other
samples. This band is consistent with bacterial protein contamination, though
biochemical confirmation is required.
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CONCLUSIONS

PEF treatment (19 kV/ecm, 10 ps, 80 J/mL) shortened chlorophyll
fluorescence lifetime at 685 nm in C. vulgaris from 1.71 ns to 0.83 ns
without statistically significant absorption changes, indicating enhanced
non-radiative energy dissipation rather than pigment degradation.
Photosynthetic responses depended on pulse duration: microsecond
pulses reduced fluorescence lifetime by 51%, nanosecond pulses (90 and
60 ns) at equivalent energy by 18%, and 10 ns pulses at higher field
strength (86 kV/cm) produced minimal effects despite equivalent
estimated thermal input (~17°C).

Photosynthetic alterations and membrane permeabilization showed tight
coupling under microsecond conditions: 51% fluorescence lifetime
reduction coincided with ~70% permeabilization. Nanosecond pulses
produced weaker but differently distributed effects (18% lifetime
reduction, 10.5% permeabilization), with fluorescence changes exceeding
permeabilization. Direct intracellular targeting independent of plasma
membrane permeabilization could not be confirmed within the parameters
tested.

GAD plasma induced voltage-dependent medium modifications in BG-
11: at 250 V, temperature reached 54°C, pH decreased from ~7.5 to ~7.0,
conductivity rose from ~1.85 mS/cm to 3.34 mS/cm, and reactive species
accumulated (NOz 1.67 mM, NOs~ 28.9 mM, H:0: 17.4 mM). Direct
biological effects on C. vulgaris were observed only at high voltage (250
V): ~25% permeabilization and metabolic inactivation.

Plasma pretreatment reshaped biological responses to fixed PEF
parameters (25 kV/cm, 7 us, 10 pulses) in a voltage-dependent manner.
Low-voltage pretreatment (130 V) yielded a conventional PEF phenotype
with high macromolecule release. High-voltage pretreatment (250 V)
shifted cells to a permeable-but-retentive phenotype, suppressing release
despite comparable permeabilization. PEF alone increased caspase 3-like
activity (~250% of control), but high-voltage plasma reduced it below
control, consistent with a non-classical, caspase-independent cell-death
pathway.

Control protocols (thermal pretreatment, plasma-activated supernatant,
conductivity-matched exchange) failed to reproduce the high-voltage
phenotype, establishing that direct plasma-cell interaction is required for
the voltage-dependent response divergence.
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Medium composition determined community structure: TAP supported
substantial bacterial populations (1.5-2x108 cells/mL), while BG-11 and
BG+AA remained algae-dominant. TAP provided conditions for
evaluating PEF selectivity in mixed cultures.

Species-specific PEF susceptibility differed fundamentally. C. vulgaris
inactivation exceeded 95% at low energy (40 kV/cm, 1 ps, 4 J/mL) and
99% at high energy (40 kV/cm, 1 us, 100 J/mL), regardless of growth
phase or culture conditions. Delftia sp. susceptibility was growth phase-
dependent: minimal at day 1, maximal at day 3 (70-80%), with post-
treatment regrowth at day 7 in co-cultures only.

PEF treatment enabled selective algal protein extraction from co-cultures.
Protein yields reached ~25% of dry weight with SDS-PAGE profiles
indistinguishable from monocultures. HPH-treated co-cultures showed an
additional ~27 kDa band, possibly indicating bacterial protein
contamination, though this requires biochemical confirmation.

Statements for defense
PEF shortens chlorophyll fluorescence lifetime at 685 nm in C. vulgaris
in a pulse duration-dependent manner without altering absorption spectra,
indicating that photosynthetic apparatus impairment arises from enhanced
non-radiative energy dissipation rather than pigment degradation.
Sequential plasma pretreatment (250 V power supply) followed by PEF
decouples membrane permeabilization from macromolecule release,
suppresses caspase-like activity, and induces a non-apoptotic, non-
necrotic cell-death phenotype that differs from classical PEF-induced
programmed cell death and requires direct plasma exposure.
PEF treatment (40 kV/cm, 1 ps, 4-100 J/mL) produces consistent algal
inactivation (>95%) in C. vulgaris while Delftia sp. susceptibility is
growth phase-dependent, enabling selective extraction of algal proteins
from co-cultures without additional protein bands observed with
mechanical disruption.
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SANTRAUKA

Jvadas

Impulsinio elektrinio lauko (IEL) technologija grindziama trumpy (ns-ms)
stipriy (V/cm-kV/cm) impulsy taikymu biologinéms sistemoms. Poveikio
metu keiciasi 1gstelés transmembraninis potencialas, todél membranoje gali
formuotis poros ir padidéti jos pralaidumas (permeabilizacija), daZnai
vadinamas elektroporacija. Sis veikimo principas lemia platy technologijos
pritaikomuma: molekuliy jnesimg i lgstele, vidulasteliniy junginiy iSskyrima,
lasteliniy funkcijy moduliavimg ir selektyvig lasteliy inaktyvacija.

IEL tyrimy raida skirtingose biologinése sistemose yra netolygi. Veikimo
mechanizmai iSsamiausiai iSaiSkinti zinduoliy ir bakterijy lastelése, kur
pavyko modeliuoti membranos pory dinamika, nustatyti dozés-atsako rysius,
prognozuoti vidulgsteliniy struktiiry (mitochondrijy, branduolio) reakcijas ir
Sias zinias taikyti terapiniuose bei pramoniniuose kontekstuose.
Mikrodumbliai, nepaisant daugiau nei du deSimtmecius besitesianciy tyrimy,
IEL poveikio atzvilgiu islieka kur kas maziau charakterizuoti. Literattroje
daugiausia démesio skiriama vidulgsteliniy junginiy ekstrakcijai, o
dazniausiai nagrinéjamos temos apima IEL impulsy parametry ir taikymo
rezimy derinima, siekiant maksimaliai padidinti lipidy, baltymy ar pigmenty
iSeiga ir pagerinti tolesnj apdorojima. Tuo tarpu fundamentali samprata iSlieka
ribota: nepakankamai identifikuotos pagrindinés IEL veikiamos lastelinés
strukttiros, menkai apraSyti biofiziniai keliai, neaiskiis fotosintetinio aparato
atsako mechanizmai.

IEL poveikio prognozavimag bei racionaly parametry parinkima, bet ir
patikimg technologijos perkélimg j taikomuosius sprendimus bei pramoninj
mastelj. Tai ypa¢ aktualu mikrodumbliy sektoriui, kuris laikomas
perspektyvia Zaliosios ekonomikos plétros kryptimi. Vis délto tiesiogiai
perkelti zinduoliy ir bakterijy sistemose sukauptas zinias mikrodumbliams yra
problemiskas. Sie organizmai pasizymi struktiirinémis ir biocheminémis
savybémis, reikSmingai Dbesiskirian¢iomis nuo sistemy, kuriose IEL
mechanizmai jau nustatyti. Chloroplastuose yra sudétingos, iSplétotos
tilakoidy membrany sistemos, strukttiriSkai besiskirian¢ios nuo mitochondrijy
kristy. Jose veikia $viesos valdomos elektrony pernasos grandinés ir
deguonies i$siskyrimo aparatas, kurio redokso chemija i§ esmés skiriasi nuo
respiracinio metabolizmo. C. vulgaris standi, daugiasluoksné Igstelés sienelé
sudaro papildomg dielektrinj barjerg, kurio Zinduoliy sistemose néra.
Membrany sudétis taip pat reikSmingai skiriasi: mikrodumbliy chloroplasty ir
tilakoidy membranose dominuoja galaktolipidai, o Igsteléje yra iSplétota su
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fotosinteze susijusi vidiniy membrany sistema. Klausimas, ar zinduoliy ir
bakterijy  sistemoms nustatyti  elektroporacijos  principai  galioja
mikrodumbliams, turintiems tokig apvalkalo architektiira ir chloroplastu
dominuojantj vidy, reikalauja empirinio tyrimo, o ne prielaidy.

Sioje disertacijoje mechanistiniy Ziniy spraga siekiama spresti sistemingai
charakterizuojant IEL poveikj fotosintetinéms sistemoms trijuose
organizacijos masteliuose: organeliniame, lgsteliniame ir bendrijos. Visame
darbe pagrindinis modelinis organizmas yra C. vulgaris, vienalastis zaliasis
dumblis, kurio sferiné geometrija (skersmuo 3-8 um) leidzia tiesiogiai taikyti
nusistovéjusius elektroporacijos modelius. Jis turi vieng taurés formos
chloroplasta, uzimantj apie 40-60 % lastelés turio, ir greitai auga apibréztomis
saglygomis. Plati ankstesné Sios riiSies charakterizacija suteikia esminj
lyginamajj konteksta.

Kiekviename i§ trijy organizacijos masteliy egzistuoja specifiniai Ziniy
trukumai, kuriuos §i disertacija siekia spresti.

Organeliy mastas: impulso trukmé atlieka esminj vaidmenj nustatant [EL
poveikj Dbiologiniam objektui. Veikiant iSoriniu elektriniu lauku,
transmembraniné jtampa vystosi per budinga jkrovos laiko konstantg (z = R X
(), lastelés membranos atzvilgiu paprastai esancig submikrosekundziy-
mikrosekundziy diapazone. Impulsai, gerokai ilgesni uz §j laika, leidzia
beveik visiskai poliarizuoti plazming membrang ir skatina jprasta pory
formavimasi. Tac¢iau kai impulso trukmé artéja prie t arba yra trumpesné uz
ji, plazminé membrana nespé¢ja visiSkai poliarizuotis, ir 1gstelés viduje gali
susidaryti trumpalaikiai elektriniai laukai. Zinduoliy lastelése parodyta, kad
nanosekundiniy impulsy poveikis gali sukelti mitochondrijy depoliarizacija,
kalcio i$siskyrima i§ vidulasteliniy saugykly ir aktyvuoti nuo kaspaziy
priklausomg apoptoze. Mielése analogiskas apdorojimas aktyvina
metakaspazes ir suzadina programuotos Zities kelius. Sie stebéjimai jtvirtino
principa, kad pakankamai trumpi impulsai gali veikti vidulastelines organeles.
Vis délto nefotosintetinéms organeléms, tokioms kaip mitochondrijos ar
endoplazminis tinklas, nustatyti rezultatai negali buti tiesiogiai pritaikomi
visoms vidulgstelinéms struktiiroms. Fotosintetinés organelés reikSmingai
skiriasi strukttira ir funkcija, o ar nanosekundiniai impulsai analogiskai veikia
chloroplastus, néra visapusiskai iStirta. Ankstesni mikrodumbliy tyrimai
uzfiksavo fotosintetinio efektyvumo sumazéjima (F\/F, kritimg) ir su
chloroplastais susijusiy geny raiskos pokyc¢ius po IEL apdorojimo, taciau iki
Siol neiSspresta, ar Sie efektai kyla dél tiesioginés elektrinés sgveikos su
chloroplasty membranomis, ar netiesiogiai, dél plazminés membranos
permeabilizacijos ir vélesnio citosolio homeostazés sutrikimo.
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Lastelinis mastas: IEL poveikis vandeninéje terpéje nickada néra vien
elektrinis. IEL impulsy metu elektrody pavirSiuyje vykstancios
elektrocheminés reakcijos neiSvengiamai generuoja reaktyviasias deguonies
ir azoto formas (RDAF), kurios gali oksiduoti membranos lipidus ir padidinti
jos pralaiduma nepriklausomai nuo transmembraninio potencialo. Tai reiskia,
kad tai, kas atrodo kaip grynai elektrinis permeabilizacijos jvykis, i$ tikryjy
yra kombinuotas elektro-oksidacinis poveikis, kurio atskiros dedamosios
standartinémis IEL sglygomis negali biiti kei¢iamos nepriklausomai viena nuo
kitos. Ar oksidaciné dedamoji aktyviai formuoja tolesne¢ biologine reakcija, ar
tik ja lydi, lieka neaisku. Sio apribojimo jveikimui 3altoji atmosferos plazma
suteikia unikalia galimybe: kaip kontroliuojamas iSorinis RDAF Saltinis, ji
leidzia sistemingai keisti oksidacinj konteksta iSlaikant fiksuotus IEL
parametrus. Tyrimai zinduoliy ir mikrobinése sistemose rodo, kad
kombinuotas plazmos ir IEL poveikis ne tik sustiprina permeabilizacijg, bet ir
gali keisti lgsteliy mirties kelius. Ar plazmos apdorojimas prie§ IEL sukelia
panasius atsako konteksto pokycius mikrodumbliuose, lieka neaisku.

Bendrijos mastas: mikrodumbliai tiek natiiralioje aplinkoje, tiek
pramoninio masto kultivavimo sistemose egzistuoja mikrobinése bendrijose,
kur bakterijy buvimas yra neiSvengiamas. Dumbliai ir bakterijos ne tik
koegzistuoja, bet ir sgveikauja, o sgveikos pobiidis kinta priklausomai nuo
kultivavimo salygy: tokie veiksniai kaip pH, maistiniy medziagy
pricinamumas ir anglies Saltinis gali ta pacig sgveikos porg paversti i$
mutualistinés j konkurencine. Sie pokyé¢iai keitia kiekvienos populiacijos
fiziologing biikle, o mitybinis statusas ir metabolinis aktyvumas veikia
membrany savybes, streso tolerancijg ir atsistatymo efektyvuma, todél gali
turéti jtakos IEL atsakui. Lastelés dydis yra kitas svarbus aspektas: remiantis
elektroporacijos teorija, mazesnéms lasteléms, tokioms kaip bakterijos,
membranos permeabilizacijai inicijuoti reikia stipresnio elektrinio lauko nei
didesnéms eukariotinéms Igsteléms. Taciau §i teorija paprastai taikoma
monokultiiroms, kur fiziologiné biisena yra apibrézta. Kokultiirose saveiky
istorija formuoja kiekvienos populiacijos bukle dar prie§ taikant IEL, todél
jautrumas poveikiui gali priklausyti nuo kultivavimo konteksto. Ar augimo
fazé ir bendrijos dinamika keicia IEL poveikio mastg taip, kaip monokultiiry
tyrimai negali numatyti, tiesiogiai néra tirta.

Tyrimo tikslas ir uzdaviniai

Istirti IEL poveiki mikrodumbliy sistemoms organeliy, lasteliniame ir
bendrijos masteliuose, iSpleiant nusistovéjusias elektrofiziologines
paradigmas fotosintetiniams organizmams ir miSrioms mikroorganizmy
populiacijoms.
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UZdaviniai:

Organeliy mastas: charakterizuoti IEL sukeltus chloroplasto funkcijos
poky¢ius C. vulgaris taikant fluorescencija grindziamus tyrimus ir jvertinti jy
ry$] su plazminés membranos permeabilizacija.

Lastelinis mastas: nustatyti, ar iSankstinis lasteliy apdorojimas slenkancio
lankinio i8lydzio plazma keicia fiksuoty IEL parametry biologing iSraiSka
C. vulgaris, tiriant permeabilizacija, makromolekuliy iSsiskyrimg ir lasteliy
mirties kelius.

Bendrijos mastas: istirti, kaip fiziologiné biuikl¢ ir bendrijos kontekstas
veikia IEL atsaka mikrodumbliy ir bakterijy kokultiirose, ir jvertinti, ar
skirtingas lastelinis jautrumas IEL jgalina selektyvig baltymy ekstrakcija.

Teiginiai gynimui

1. IEL sutrumpina chlorofilo fluorescencijos gyvavimo trukme ties 685 nm
C. vulgaris, priklausomai nuo impulso trukmés, nekeisdamas absorbcijos
spektro, indikuodamas, kad fotosintetinio aparato sutrikimas kyla dél
padidéjusio nespinduliuojancio energijos iSsklaidymo, o ne dél pigmenty
degradacijos.

2. Plazmos apdorojimas (250 V maitinimo $altinis), po kurio taikomas IEL,
atskiria membranos permeabilizacija nuo makromolekuliy iSsiskyrimo,
slopina kaspazés tipo aktyvumg ir sukelia neapoptotinj, ne nekrotinj lasteliy
mirties fenotipa, kuris skiriasi nuo klasikinés IEL sukeltos programuotos
lasteliy mirties ir reikalauja tiesioginio plazmos poveikio.

3. IEL apdorojimas (40 kV/cm, 1 ps, 4-100 J/mL) sukelia stabilig
C. vulgaris inaktyvacija (>95 %), o Delftia sp. jautrumas priklauso nuo
augimo fazés, kas leidzia selektyviai iSskirti dumbliy baltymus i$§ ko-kultiiry
be papildomy baltymy juosty, stebimy mechaninio suardymo atveju.

Medziagos ir metodai

Pirmas skyrius: C. vulgaris buvo auginama burbuliniy kolony
fotobioreaktoriuose BG-11 terp¢je ir koncentruojama iki 5 g/L sausosios
masés IEL eksperimentams. IEL apdorojimui naudoti du impulsy
generatoriai: tranzistorinis elektroporatorius, generaves mikrosekundinius
impulsus (10 ps), ir koaksialinés perdavimo linijos generatorius, generaves
nanosekundinius impulsus (10, 60 ir 90 ns). Nanosekundiniame rezime IEL
impulsy energija buvo visais atvejais i§laikoma ta pati (80 J/mL), tik gaunama
derinant skirtingo elektrinio lauko stiprj (19-86 kV/cm) ir impulsy skaiciy. Tai
leido tiesiogiai lyginti skirtingy impulsy trukmiy poveikj. Pigmenty
integralumas vertintas registruojant sugerties spektrus. Fluorescencijos
matavimams naudotas Edinburgh F920 spektrofluorometras, Zadinant 470 nm
bangos ilgiu, emisijos spektrai registruoti 600-800 nm intervale.
Fluorescencijos gyvavimo trukmés analizé atlikta laiko koreliuojamo
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vienfotonio skai¢iavimo (TCSPC) metodu, siekiant charakterizuoti gesimo
kinetikg. Membranos permeabilizacija vertinta naudojant SYTOX Green
nukleortig§¢iy daza, fluorescencija matuojant tiek lgsteliy nuosédose, tiek
supernatantuose pra¢jus 5 min, 2 val. ir 24 val. po apdorojimo. Toks
eksperimentinis dizainas leido gretinti optinius fotosistemos funkcijos
matavimus su membranos pralaidumo bikle.

Antras skyrius: Nuosekliam plazmos-IEL apdorojimui naudota
slenkancio lankinio i§lydzio plazma, kurios maitinimo S$altinio jtampa buvo
90-250 V diapazone. Plazmos charakterizacija apémé opting emisijos
spektroskopijg, naudojant Flame UV-VIS (2001000 nm) ir IFU AOS4
akusto-optinius spektrometrus reaktyviosioms rasims identifikuoti. Terpés
modifikacijos kiekybiskai jvertintos visame jtampos diapazone: nustatyti
temperattiros profiliai, pH poky¢iai, laidumo poslinkiai ir ilgai iSliekancCiy
reaktyviyjy risiy koncentracijos. Sistemingi kontroliniai bandymai atskyré
tiesioginius plazmos ir lIgsteliy sgveikos efektus nuo antriniy terpés
modifikacijy. Kontroliniai variantai apémé tiesioging plazmos ekspozicija,
plazma aktyvuota terpg, temperatiiriSkai suderintg iSankstinj apdorojimg ir
laidumu suderintus supernatanto pakeitimo protokolus. Fiksuotas IEL
protokolas buvo 25 kV/cm, 7 ps, su 1 arba 10 impulsy. Lasteliniai atsakai
vertinti keliais analitiniais lygmenimis: membranos permeabilizacija, baltymy
i8siskyrimas (kiekybiskai Bradfordo metodu, kokybiskai natrio dodecilsulfato
poliakrilamido gelio elektroforeze (angl. SDS-PAGE)), DNR iSsiskyrimas,
laisvosios aminoriigstys, metabolinis aktyvumas, morfologinis vertinimas ir
kaspazeés-3 tipo aktyvumas.

Trecias skyrius: Bakterijos buvo aptiktos ir iSgrynintos i§ C. vulgaris
suspensijos, o jy tapatybé nustatyta morfologiniais, biocheminiais ir
molekuliniais metodais, jskaitant 16S rRNR geno sekvenavimg. Kokultiiros
buvo sudarytos trijose terpése (TAP, BG-11, BG-11 su acto ragstimi
(BG+AA)), siekiant charakterizuoti nuo mitybos priklausoma saveiky
dinamika. Populiacijos analizuotos t¢kmés citometrija (Attune NxT), taikant
diferencinj dazyma (SYTO 9, YO-PRO-1, FDA). Chemin¢ analizé¢ apémé
maistiniy medziagy suvartojimo stebéseng (NH4*, NO27, NOs™, acto rugstis).
IEL apdorojimui naudota nuolatinio srauto sistema, taikant du energijos
rezimus: mazos energijos (4 J/mL; 1 ps, 40 kV/cm) ir didelés energijos (100
J/mL; 1 ps, 40 kV/em). Apdorojimas taikytas 1, 3 ir 7 kokulttiros kultivavimo
dienomis. Mechaninio ardymo kontrolei naudota aukSto slégio
homogenizacija (HPH; 2000 bar, 5 ciklai). Baltymy koncentracija nustatyta
Bradfordo metodu, o SDS-PAGE analizé naudota baltymy profiliams
palyginti tarp apdorojimo metody ir kultivavimo salygy. Dumbliy lizaty
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antimikrobinis aktyvumas tirtas agarinés difuzijos ir bakterijy augimo kreiviy
metodais.
Rezultatai ir jy aptarimas

Pirmas skyrius: [EL sukelti fotosintetinés sistemos funkcijos pokyciai.

Po mikrosekundiniy impulsy apdorojimo (10 ps, 19 kV/cm, 80 J/mL)
sugerties spektrai nepakito: nebuvo stebéta nei piko poslinkio, nei reikSmingo
intensyvumo sumazgjimo. Tai indikuoja, kad chlorofilo populiacija nebuvo
prarasta ar degraduota po IEL apdorojimo. Tuo tarpu, emisijos spektrai rodé
progresuojantj intensyvumo maz¢jima, piko padéciai isliekant ties 685 nm.
Laiko skiriamoji fluorescencijos gyvavimo trukmés analizé ties 685 nm
parodé, kad intensyvumo sumazéjimas atitiko trumpéjancig gesimo kinetika:
gyvavimo trukmé sumazéjo nuo 1,71 & 0,05 ns neapdorotose Iastelése iki 0,83
+ 0,03 ns pragjus 5 minutéms po apdorojimo (sumazéjimas virSijo 50 %).
Membranos permeabilizacija pasieké apie 70 %.

Tolesnéje analizéje palyginti nanosekundiniai ir mikrosekundiniai
impulsai esant ekvivalentiSkam IEL lauko stipriui (19 kV/cm) ir energijai (80
J/mL). Esant Sioms sglygoms, 90 ns impulsai sukélé 10,5 % += 2,1 %
permeabilizacija, o fluorescencijos gyvavimo trukmé sumazéjo iki mazdaug
1,4 ns. Abu efektai buvo gerokai silpnesni nei taikant mikrosekundinius
impulsus, nepaisant identiSkos IEL impulsy energijos.

Toliau nanosekundiniame rezime jvertinta impulso trukmés (10, 60, 90 ns)
ir lauko stiprio (26-86 kV/cm) jtaka atskleidé skirtingas priklausomybes.
Esant 90 ns ir 60 ns impulsams, didéjantis lauko stipris sustiprino tiek
fluorescencijos  gyvavimo trukmés maz¢jimg, tiek membranos
permeabilizacijg. Esant 86 kV/cm, gyvavimo trukmé sumazéjo iki mazdaug
0,9 ns, o permeabilizacija pasieke 24-27 %. ReikSmingy skirtumy tarp 60 ns
ir 90 ns apdorojimo esant tiems patiems lauko stipriams nebuvo. Priesingai,
10 ns impulsai visame tirtame lauko stipriy diapazone sukélé tik minimaly
poveikj: didziausia permeabilizacija sieké tik 11 % esant 86 kV/cm, o
reikSmingy fluorescencijos gyvavimo trukmés pokyc¢iy nebuvo stebéta.

Nustatyti optiniai pokyc€iai, nepakitusi sugertis kartu su sumazéjusiu
emisijos intensyvumu ir sutrumpéjusia fluorescencijos gyvavimo trukme,
indikuoja, jog IEL poveikis lemia sustipréjusig nespinduliuojancia energijos
disipacija, o ne pigmenty praradimg. Fluorescencijos pokycius daugeliu
apdorojimo rezimy lydéjo membranos permeabilizacija. Taciau pokyciy
mastas tarp permeabilizacijos ir fluorescencijos kinetiky nebuvo tolygus.
Mikrosekundiniy impulsy atveju (19 kV/cm, 80 J/mL) permeabilizacija (70
%) virSijo fluorescencijos gyvavimo trukmés pokyti (51 %, lyginant su
kontrole). Nanosekundiniy impulsy atveju (90 ns, 19 kV/em, 80 J/mL)
santykis buvo prieSingas (10,5 % ir 18 % atitinkamai), kas gali rodyti
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skirtingus IEL poveikio mechanizmus. Mikrosekundiniy impulsy atveju, kai
permeabilizacija buvo ryski, galimas mechanizmas gali biiti siejamas su
plazminés membranos pory palengvintu jony persiskirstymu pagal
elektrocheminius gradientus, keicianciu citosolio homeostaze ir galimai
veikian¢iu chloroplasto funkcija per stromos aplinkos pokyéius. Sig
interpretacija netiesiogiai palaiko Chorvatova et al. (2020), parode, kad
iSoriné terpés acidifikacija Chlorella sp. lemia analogiSka fluorescencijos
intensyvumo mazgjimg ir gyvavimo trukmés trumpéjima. Nanosekundiniy
impulsy atveju fluorescencijos rezultaty pokytis, lyginant su kontrole, buvo
didesnis nei permeabilizacijos, kas gali buti siejamas su nslEL tiesiogiu
poveikiu vidulgstelinéms struktiiroms. Taciau $i hipotezé iSlieka nepatvirtinta.

Biitina pazyméti, jog rezultaty interpretacijas riboja kelios aplinkybés.
Matavimai praéjus 5 minutéms po apdorojimo gali atspindéti antrinius
procesus, o ne momentinius [EL sukeltus poky¢ius. Trumpalaikiai efektai,
pasireisSkiantys per kelias sekundes po impulso, liko neuzfiksuoti. Tai ypac
aktualu nanosekundiniams impulsams, kai greitas pory uzsidarymas gali
uzmaskuoti trumpai trunkanéius sutrikimus. Siems klausimams spresti
planuojami tolimesni tyrimai, apimantys tiesioginius chloroplasto apvalkalo
integralumo matavimus, stromos pH stebéseng ir Zemos temperatiiros (70 K)
fluorescencijos analize.

Antras skyrius: dumbliy atsako j IEL moduliavimas nuosekliame
plazmos-IEL poveikio tyrime.

Plazmos charakterizacija parodé, kad slenkancio lankinio i§lydzio plazma
generavo azotu dominuojancius emisijos spektrus su ryskiais N2 pikais ir nuo
jtampos priklausomais N2*, NO, bei atominiy deguonies rii§iy intensyvumo
did¢jimais. Terpés modifikacijos didéjo didé¢jant iSlydzio jtampai: temperattira
pasieké 54 °C esant 250 V maitinimo $altiniui, pH sumaZzéjo nuo mazdaug 7,5
iki 7,0, laidumas padidéjo nuo 1,85 iki 3,34 mS/cm. Reaktyviyjy rusiy
koncentracijos Zenkliai iSaugo: H202 nuo 5,9 iki 17,4 mM ir NOz nuo 0,13
iki 1,67 mM.

Plazmos poveikis (be IEL) sukélé nuo jtampos priklausomus biologinius
efektus. Esant 130 V, plazmos apdorojimas nepadidino permeabilizacijos,
DNR signalo ar baltymy iSsiskyrimo vir§ kontrolés lygio. Metabolinis
aktyvumas ir morfologija nepakito. Esant 250 V, permeabilizacija siekée apie
25 % po 2 valandy ir padidéjo iki 60 % po 24 valandy. DNR iSsiskyrimas
iSliko mazas (apie 6 mg/L), o baltymy iSsiskyrimas nesieké 5 % sausos
biomasés. Nepaisant visiSko metabolinio aktyvumo praradimo, po 72 valandy
lastelés islaiké natyvig morfologija be matomy irimo poZymiy.

IEL apdorojimas (be plazmos) sukélé nuo impulsy skai¢iaus priklausomus
efektus. Praéjus 2 valandoms po apdorojimo, vienas impulsas (25 kV/cm, 7
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ps) lémé apie 14 % membranos permeabilizacija, deSimt impulsy vir§ijo 60
%. Po 24 valandy permeabilizacija padidéjo iki mazdaug 70 % nepriklausomai
nuo impulsy skaiiaus. DNR iSsiskyrimas vir§ijo 20 mg/L, baltymy
i§siskyrimas sieke apie 23 % sausos biomasés, o metabolinis aktyvumas buvo
visiSkai panaikintas taikant 10 impulsy.

Nuoseklus plazmos-IEL apdorojimas atskleidé nuo jtampos priklausomus
atsakus, kuriy nebuvo galima numatyti i§ atskiry apdorojimy rezultaty. Kai
identiski IEL parametrai (25 kV/cm, 7 ps, 10 impulsy) buvo taikomi po
iSankstinio plazminio apdorojimo, baigtys ryskiai i§siskyré priklausomai nuo
plazmos intensyvumo.

Zemos jtampos plazmos i$ankstinis apdorojimas (130 V) ir vélesnis IEL
sukélé atsaka, panasy j vien IEL: didele membranos permeabilizacija,
reikSminga DNR iSsiskyrima | supernatanta (>20 mg/L) ir baltymy
i8siskyrimg apie 20 % sausos biomasés. Po 2 valandy lasteliy pralaidumas
sieké apie 25 % taikant vieng impulsa ir apie 55 % taikant 10 impulsy. Po 24
valandy permeabilizacija did¢jo ir stabilizavosi ties mazdaug 90 %
nepriklausomai nuo impulsy skaiciaus. Morfologinis suirimas progresavo
inkubacijos metu, atitinkant jprastg elektroporacijos ir ekstrakcijos model;.

Aukstos jtampos plazmos iSankstinis apdorojimas (250 V) ir vélesnis tas
pats IEL protokolas sukélé kokybiskai kitokj atsaka. Po 2 valandy vieno
impulso pridéjimas po 250 V plazmos padidino permeabilizacija mazdaug
keturis kartus, palyginti su vienu impulsu be plazmos (mazdaug 55 %
palyginti su mazdaug 15 %). Taikant 10 impulsy protokola, membranos
permeabilizacija iSliko didele (ne maziau 70 % SYTOX teigiamy lasteliy po
24 valandy), o metabolinis aktyvumas buvo visiskai eliminuotas. Ta¢iau DNR
i8siskyrimas i§liko minimalus, iki mazdaug 2 mg/L net po 10 impulsy, tai yra
mazdaug deSimtadalis lygio, stebéto taikant vien IEL ar Zemos jtampos
plazmos-IEL. Baltymy issiskyrimas taip pat sumazéjo zemiau 5 % sausos
biomasés. SDS-PAGE profiliai rodé rySky juosty intensyvumo sumaz¢jima,
palyginti su kitomis apdorojimo sglygomis. Po 72 valandy morfologinés
savybés iSliko santykinai iSsaugotos, dumbliy lasteliy suirimas nebuvo
stebimas.

Kaspazés-3 tipo aktyvumas buvo kiekybiskai jvertintas pragjus 2
valandoms po apdorojimo. Vien IEL sukélé rysky padidéjima, pasiekusj 250
% lyginant su neapdorota kontrole ir virSijusj Siluminio Soko teigiamg
kontrole. PrieSingai, didelio intensyvumo plazmos ekspozicija stipriai slopino
kaspazés-3 tipo aktyvumg, ir Sis slopinimas iSliko derinant didelés jtampos
plazmos apdorojimg su vélesniu IEL. Esant 250 V, kaspazés aktyvumas liko
zemiau bazinés kontrolés lygiy, nepaisant metabolinés inaktyvacijos ir didelés
membranos permeabilizacijos.
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Sistemingi kontroliniai bandymai leido atmesti keletg galimy Sio nuo
itampos priklausomo atsako mechanistiniy priezas¢iy. Plazma aktyvuota terpé
(PAT) i8siskyrimo neatkartojo: kai plazma buvo taikoma tik terpei, o lastelés
pries IEL ekspozicija buvo resuspenduotos, baltymy ir DNR issiskyrimas
visuose plazmos jtampos lygiuose iSliko panasus | vien IEL atsaka.
TemperatiiriSkai suderintas iSankstinis apdorojimas (41-54 °C), po kurio
taikytas [EL, nesukélé sumazéjusio makromolekuliy i$siskyrimo. Laidumui
kontroliuoti supernatanto pakeitimo protokolai taip pat nepasalino nuo
itampos priklausomo fenotipo. BSA kontrolés paneigé plazmos sukelto
baltymy aptinkamumo praradimo hipotez¢ taikytomis analitinémis salygomis.

Sie palyginimai rodo, kad antriniai plazmos sukeliami efektai terpéje,
iskaitant temperatiiros, laidumo poky¢ius ir ilgai iSliekancias reaktyvigsias
rusis, yra nepakankami paaiSkinti aukStos plazmos jtampos fenotipa.
Reikalinga tiesioginé plazmos ir lgsteliy saveika, o i§lydzio jtampa veikia kaip
pagrindinis veiksnys.

Sie rezultatai kontrastuoja su plazmos-IEL tyrimais zinduoliy ir bakterijy
sistemose, kur plazmos iSankstinis apdorojimas paprastai sustiprina IEL
sukelta permeabilizacija ir citotoksinj poveikj. Chung et al. (2020) parodé, kad
plazma apdorotas PBS padidino elektropermeabilizacijos efektyvuma vézio
lastelése. Panasiis sinerginiai efektai apraSyti ir bakterijy inaktyvacijai. Tuo
tarpu Siame darbe uzfiksuotas aukstos jtampos fenotipas kokybiskai skiriasi
nuo sustiprinto atsako paradigmos, nes apjungia didel¢ permeabilizacijg su
uzslopintu makromolekuliy i3siskyrimu. Sj atsaka papildomai i$skiria
kaspazés-3 tipo aktyvumo slopinimas, rodantis, kad buvo aktyvuotas ne
klasikinis IEL sukeltas Igsteliy mirties kelias. Toks fenotipas anks¢iau nebuvo
uzfiksuotas kombinuoto plazmos-IEL poveikio tyrimuose. Tai galimai
siejama su oksidacinio streso sglygota lasteliy mirtimi, taciau tam patvirtinti
reikalingi papildomi tyrimai.

Apibendrinant, gauti rezultatai rodo, kad membranos permeabilizacija néra
pakankamas rodiklis IEL biologinei baig¢iai prognozuoti, kai lgstelés pries tai
yra veikiamos plazma. Ar Sis IEL sukelto atsako pokytis kyla i§ plazmos
sukelty lastelés apvalkalo modifikacijy, ar i$ vidulgsteliniy molekuliniy keliy
poky¢iy, licka neiSspresta. Aisku, kad stebétam fenotipui nepakanka antriniy
plazmos sukeliamy efekty terpéje, o bitina tiesioginio plazmos islydzio
ekspozicija. Tai patvirtina, kad lastelés buklé IEL poveikio metu formuoja
veélesnj atsaka. Skirtingas C. vulgaris atsakas i kombinuota plazmos-IEL
apdorojimag tikétinai atspindi strukttrines ir biochemines ypatybes, kuriy néra
zinduoliy sistemose: standzig lgstelés sienele, chloroplasta, uzimantj didele
dalj lastelés tario, ir aktyvy fotosintetinj metabolizma, pasizymintj
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intensyviomis redokso reakcijomis. Tai patvirtina, kad Zinduoliy lgsteléms
nustatyti principai tiesiogiai neperkeliami fotosintetiniams organizmams.

Trecias skyrius: skirtingas mikroorganizmy jautrumas IEL poveikiui ir jo
priklausomybé nuo fiziologinés biuklés.

IS C. vulgaris kulturos iSskirtas bakterijy izoliatas identifikuotas kaip
Delftia sp. (GenBank identifikacinis kodas OP777498.1, 98 % panasumas |
D. tsuruhatensis). Siekiant nustatyti, kaip kultivavimo sglygos formuoja
dumbliy ir bakterijy sgveika, kokultiros buvo sudarytos trijose, skirtingos
sudéties, mitybinése terpése. TAP terpéje, kurioje dominuoja organinis
anglies Saltinis (acto rugstis), C. vulgaris ir Delftia sp. saveika buvo
konkurenciné. Bakterijy populiacija greitai, per 24 valandas, suvartojo visa
prieinamg acto rugstj, ir pasieké 1,5-2x10® lgsteliy/mL pika. Nuo trecios
kultivavimo dienos bakterijy populiacija pradéjo mazéti dél nepakankamo
maistiniy medziagy kiekio. Tuo tarpu dumbliy augimas Siomis sglygomis
buvo slopinamas: kokultiiroje dumbliy koncentracija 7 diena pasieké tik apie
60 % monokultiiros lygio. BG-11 terp¢je, kurioje organinés anglies kiekis
minimalus, o azotas tiekiamas neorganine forma (NaNQ:s), bakterijy augimas
i8liko minimalus (<1x107 Igsteliy/mL). Dumbliy populiacijos kokultiiroje
vir§ijo monokultiry lygius apie 50 %, rodydamos mutualistinj sgveikos
pobudj. BG+AA terpéje, apjungiancioje BG-11 neorganinj azota su
papildomu organinés anglies Saltiniu (acto rigstimi), buvo palaikomas tarpinis
bakterijy kiekis, o dumbliy augimas kokultiroje padidéjo apie 160 %,
palyginti su monokultira. Vis délto absoliuti dumbliy ir bakterijy biomasé
TAP terpéje buvo didziausia, kas suteiké optimalias salygos tolimesniems
tyrimams analizuoti IEL poveikj kokultiiry atzvilgiu.

Kokulttiry apdorojimo rezultatai atskleidé skirtingg dumbliy ir bakterijy
jautrumg IEL poveikiui. C. vulgaris demonstravo nuosekly jautrumag
elektriniam apdorojimui, nepriklausomai nuo augimo fazés ir bakterijy
buvimo. Mazos energijos apdorojimas (4 J/mL) pasieké >95 % dumbliy
inaktyvacija visomis tirtomis eksperimentinémis sglygomis, o didelés
energijos apdorojimas (100 J/mL) beveik visais atvejais sukélé visiska
dumbliy inaktyvacija.

Bakterijy atsakas esant identiSkiems IEL parametrams stipriai priklausé
nuo augimo fazés. 1 diena, atitinkancig eksponentinj augima, mazos energijos
apdorojimas vertinant rezultatus po 2 valandy sukélé <20 % mirtinguma, o
didelés energijos apdorojimas lémé apie 40-50 % inaktyvacija. 3 diena,
sutampan¢ig su peréjimu j badavimg po prieinamos organinés anglies
i8sekimo, jautrumas smarkiai padidéjo. Abu IEL energijos lygiai sukélé 70-
80 % bakterijy inaktyvacijg pragjus 2 val po apdorojimo. 7 diena, atspindincig
ilgalaike maistiniy medziagy stoka, bakterijy monokulttiros rodé didelj bazinj
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mirtinguma (>50 %) net be IEL. O IEL apdorojimas sukélé tik minimalig
papildomg inaktyvacijg. Taciau vertinant pastaruosius rezultatus praéjus 24
val po IEL apdorojimo uzfiksuotas netikétas Delftia sp. populiacijos
padid¢jimas mazdaug keturis kartus. Toks bakterijy populiacijos prieaugis
nebuvo uzfiksuotas bakterijy monokultiirose, apdorotose identiSkomis
salygomis. Sis 24 val laiko tarpas indikuoja jog bakterijy augimas galimai yra
salygotas i$ inaktyvuoty dumbliy iSsiskyrusiy vidulgsteliniy junginiy, kurie
tampa substratu bakterijy proliferacijai. Gautos augimo kreivés patvirtino, kad
1 IEL apdoroty dumbliy lizatas yra tinkamos salygos Delftia sp. augimui, ir
prilygo bakterijy dauginimuisi Sviezioje TAP terp¢je. Taip pat atlikti
antimikrobinio aktyvumo tyrimai neparodé jokio dumbliy lizaty aktyvumo
pries tirtas bakterijas.

SDS-PAGE analizé atskleidé baltymy ekstrakcijai reikSminga
selektyvumg. Baltymy profiliai i§ IEL apdoroty kokultiry pagal metodo
skiriamaja geba nesiskyré nuo dumbliy monokultiry profiliy. Baltymy
ekstrakcijos iSeiga sieke apie 25 % sausos masés abiem IEL energijos lygiais.
Priesingai, HPH apdorotuose kokultiiry méginiuose atsirado nauja baltymy
juosta ties mazdaug 27 kDa, kurios nebuvo kity tipy méginiuose. Sios
papildomos juostos kilmé nebuvo galutinai nustatyta, taciau jos pasireiskimas
specifiskai po HPH atitinka platesnj, maziau selektyvy suardyma, budinga
auksto slégio homogenizacijai, kuri gali pazeisti tiek dumbliy, tiek bakterijy
lasteles. Tai leidzia manyti, kad papildoma juosta gal¢jo kilti i§ bakteriniy
baltymy, iSsiskyrusiy po HPH. Galutiniam patvirtinimui reikia papildomy
tyrimy.

Apibendrinant, gauti rezultatai atskleidzia, kad IEL poveikis bendrijos
mastelyje néra tolygus. Nors dydziu paremta -elektroporacijos teorija
prognozuoja didesnj bakterijy atsparumg, kokultliry rezultatai rodo, kad
bakterijy jautrumas priklauso nuo fiziologinés biiklés, kurig formuoja
kultivavimo salygy dinamika. Tai koreliuoja su antrame skyriuje nustatyta
tendencija, kad lasteliné buklé poveikio metu formuoja biologing baigtj.
Praktiné Sio diferencinio jautrumo pasekmé yra tai, kad IEL apdorojimas
jgalina selektyvig dumbliy baltymy ekstrakcija i§ kokultiry be bakterinés
kontaminacijos, kurios neiSvengia mechaninio suardymo metodai. Vis délto
selektyvumo islikimas priklauso ne vien nuo diferencinio lasteliy suardymo
apdorojimo metu, bet ir nuo po apdorojimo ekologiniy baigéiy, tokiy kaip
bakterijy proliferacija, salygota 1i§ suardyty dumbliy iSsiskyrusiy
vidulgsteliniy junginiy. Tai rodo, kad IEL poveikio vertinimas kokultirose
reikalauja ilgalaikés stebésenos, apimancios ne tik momentinj Iastelinj atsaka,
bet ir bendrijos dinamikos poky¢ius.
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Mokslinis naujumas ir praktiné reik§mé

Disertacija prisideda prie mechanistinio IEL poveikio mikrodumbliy
sistemoms supratimo trimis pagrindinémis kryptimis.

Darbas pateikia pirmg sistemingg IEL sukelty fotosintetinio aparato
funkcijos  poky€iy  mikrodumbliuose  charakterizacija. = Chlorofilo
fluorescencijos gyvavimo trukmés matavimai parodé, kad IEL sutrumpina
fluorescencijos gyvavimo trukme nekeisdamas sugerties spektry. Tai rodo
pakitusius energijos disipacijos kelius, o ne pigmenty degradacija. Siuos
efektus palyginus tarp skirtingy impulsy trukmiy ir susiejus su plazminés
membranos permeabilizacija, nustatyta, kad fotosintetinio aparato pazeidimo
mastas tiesiogiai nekoreliuoja su membranos permeabilizacija. Tai reiskia,
kad membranos pazeidimas ir fotosintetinés funkcijos sutrikimas yra susije,
taciau neekvivalentiis IEL poveikio padariniai. Taip IEL poveikio supratimas
vidulgsteliniy organeliy lygmenyje iSpleciamas nuo Zinduoliy mitochondrijy j
fotosintetines sistemas. Praktine prasme, fluorescencijos gyvavimo trukmés
matavimai leidzia neinvaziskai stebéti organeliy funkcija IEL apdorojimo
metu ir gali sudaryti pagrindg realaus laiko stebésenai bei griztamojo rysio
valdymui, prieSingai nei ilgai trunkantys pralaidumo ir gyvybingumo tyrimai.

Disertacijoje pirma karta charakterizuojami nuoseklaus plazmos-IEL
apdorojimo efektai mikrodumblivose. Identifikuojami nuo jtampos
priklausomi atsako rezimai, kuriems bitina tiesioginé plazmos ekspozicija, ir
atskleidziami nuo kaspaziy nepriklausomi, neklasikiniai dumbliy lasteliy
ziities modeliai esant dideliam plazmos apdorojimo intensyvumui. Sie
rezultatai  parodo, kad kombinuotas plazmos-IEL  apdorojimas
mikrodumbliuose sukelia lgstelinius atsakus, kurie kokybiSkai skiriasi nuo
aprasyty zinduoliy lastelése ir negali buiti paaiskinti vien plazminés
membranos permeabilizacija. Tai rodo, kad biologiné baigtis priklauso ne vien
nuo IEL parametry, bet ir nuo lastelés biklés, suformuotos ankstesnio
plazmos apdorojimo. Todél kombinuoto plazmos-IEL apdorojimo
optimizavimas reikalauja empirinio konkrec¢iy apdorojimo seky ir Iastelinés
biiklés salygy testavimo, kadangi atskiry apdorojimy sukeliami efektai negali
biiti naudojami prognozuojant kombinuoto poveikio baigciy.

Disertacija iSplecia IEL analiz¢ i§ monokultiiry j mikrodumbliy ir bakterijy
kokultiiras ir parodo, kad elektrinis jautrumas bendrijos lygiu priklauso nuo
kultivavimo aplinkos. Nors C. vulgaris buvo tolygiai inaktyvuojama IEL
poveikiu visomis tirtomis salygomis, Delftia sp. jautrumas stipriai kito
priklausomai nuo augimo fazés (1, 3 ir 7 diena). Sis skirtingas jautrumas
atveria praktiniy taikymy galimybes. IEL apdoroty kokultiiry baltymy SDS-
PAGE profiliai nesiskyré nuo dumbliy monokultiry, o HPH apdorotose
kokultiirose atsirado papildoma ~27 kDa juosta, galimai indikuojanti
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bakteriniy baltymy priemais$g. Tai rodo, kad IEL, skirtingai nei mechaninis
suardymas, jgalina selektyvig dumbliy baltymy ekstrakcija. Taciau vélyvose
kokultiirose po IEL apdorojimo stebétas bakterijy populiacijos prieaugis rodo,
kad $i selektyvumas néra automatiskas. Siekiant i§vengti antrinés bakterinés
kontaminacijos, biitina laiku atskirti dumbliy biomase nuo bakterijy, nes
inkubacijos periodas, skirtas baltymy iSsiskyrimui, kartu sudaro salygas
bakterijy proliferacijai.

Apibendrinant, Sie indéliai parodo, kad jautrumas elektriniam laukui
fotosintetinése sistemose néra nulemtas vien plazminés membranos
permeabilizacijos, o priklauso nuo fiziologinés sistemos biuklés, jskaitant
fotosinteting funkcija ir augimo fazg. Tai nustato mechanistinj pagrinda
tolesniam IEL poveikio tyrimui sudétingose fotosintetinése ir misriose
mikrobinése sistemose.
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ISvados
IEL apdorojimas (19 kV/cm, 10 ps, 80 J/mL) sutrumpino chlorofilo
fluorescencijos gyvavimo trukme ties 685 nm C. vulgaris nuo 1,71 ns iki
0,83 ns be statistiSkai reikSmingy absorbcijos pokyCiy, kas rodo
sustipréjusia nespinduliuojancia energijos disipacija, o ne pigmenty
degradacija.
Fotosintetiniai atsakai priklausé¢ nuo impulso trukmés: mikrosekundiniai
impulsai sumazino fluorescencijos gyvavimo trukme 51 %,
nanosekundiniai impulsai (90 ir 60 ns) esant ekvivalentiskai energijai 18
%, o 10 ns impulsai esant didesniam lauko stipriui (86 kV/cm) sukéle
minimalius efektus, nepaisant apskaiCiuoto ekvivalentiSko Siluminio
poveikio (~17 °C).
Fotosintetiniai pokyciai ir membranos permeabilizacija buvo glaudziai
susije mikrosekundiniy impulsy salygomis: 51 % fluorescencijos
gyvavimo trukmés sumazéjimas lydéjo ~70 % permeabilizacija.
Nanosekundiniai impulsai sukélé silpnesnius, ta¢iau neproporcingus
efektus (18 % gyvavimo trukmés sumazéjimas, 10,5 % permeabilizacija),
kur fluorescencijos pokytis vir§ijo permeabilizacijos masta. Tiesioginio
vidulastelinio taikymo, nepriklausomo nuo plazminés membranos
permeabilizacijos, tirtais parametrais patvirtinti nepavyko.
Slenkanc¢io lankinio iSlydzio plazma sukélé nuo Saltinio maitinimo
jtampos priklausomas BG-11 terpés modifikacijas: esant 250 V,
temperattra pasieké 54 °C, pH sumazéjo nuo ~7,5 iki ~7,0, o laidumas
padidéjo nuo ~1,85 mS/cm iki 3,34 mS/cm, susikaupé reaktyviosios riiSys
(NO2™ 1,67 mM, NOs™ 28,9 mM, H20: 17,4 mM). Tiesioginiai biologiniai
efektai C. vulgaris stebéti tik esant aukstai jtampai (250 V): ~25 %
permeabilizacija ir metaboliné inaktyvacija.
ISankstinis plazmos apdorojimas pakeité biologinius atsakus j fiksuotus
IEL parametrus (25 kV/cm, 7 ps, 10 impulsy) ir priklausé nuo jtampos.
Zemos jtampos iSankstinis apdorojimas (130 V) lémé jprasta IEL fenotipa
su dideliu makromolekuliy iSsiskyrimu. Aukstos jtampos iSankstinis
apdorojimas (250 V) perkélé lasteles j pralaidy, bet sulaikant] fenotipa,
slopindamas i$siskyrima, nepaisant panasios permeabilizacijos. Vien IEL
padidino kaspazés-3 tipo aktyvuma (~250 % kontrolés), taciau aukstos
jtampos plazma jj sumazino zemiau kontrolés, kas indikuoja neklasikinj,
nuo kaspaziy nepriklausoma lasteliy mirties kelig.
Kontroliniai protokolai ($iluminis iSankstinis apdorojimas, plazma
aktyvuota terpé, laidumu suderinti pakeitimo protokolai) neatkartojo
aukstos jtampos fenotipo, patvirtindami, kad nuo jtampos priklausomam
atsako i$siskyrimui bitina tiesioginé plazmos ir 1gsteliy sgveika.
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Terpés sudétis 1émé bendrijos struktiirg: TAP palaiké reikSmingas
bakterijy populiacijas (1,5-2x108 Iasteliy/mL), o BG-11 ir BG+AA isliko
dumbliy dominuojamos. TAP suteike salygas IEL selektyvumui misriose
kulttrose vertinti.

Rasinis IEL jautrumas i§ esmés skyrési. C. vulgaris inaktyvacija virsijo
95 % esant mazai energijai (40 kV/cm, 1 ps, 4 J/mL) ir 99 % esant didelei
energijai (40 kV/cm, 1 ps, 100 J/mL), nepriklausomai nuo augimo fazés
ar kultivavimo salygy. Delftia sp. jautrumas priklausé nuo augimo fazés:
minimalus 1 diena, didziausias 3 dieng (70-80 %), su po apdorojimo
stebétu populiacijos ataugimu 7 dieng tik kokultiirose.

IEL apdorojimas jgalino selektyvia dumbliy baltymy ekstrakcija i$
kokultiiry. Baltymy iseiga sieké ~25 % sausos masés, o SDS-PAGE
profiliai nesiskyré nuo monokultiry. HPH apdorotose kokulturose stebéta
papildoma ~27 kDa juosta, galimai indikuojanti baktering baltymy
kontaminacijg, nors tam reikalingas biocheminis patvirtinimas.

Ginamieji teiginiai:
IEL sutrumpina chlorofilo fluorescencijos gyvavimo trukme ties 685 nm
C. vulgaris, priklausomai nuo impulso trukmes, nekeisdamas absorbcijos
spektry, indikuodamas, kad fotosintetinio aparato sutrikimas kyla dél
sustipréjusios nespinduliuojancios energijos disipacijos, o ne dél
pigmenty degradacijos.
Nuoseklus plazmos iSankstinis apdorojimas (250 V maitinimo S$altinis),
po kurio taikomas IEL, atskiria membranos permeabilizacija nuo
makromolekuliy i$siskyrimo, slopina kaspazés tipo aktyvuma ir sukelia
neapoptotinj, nenekrotinj lasteliy mirties fenotipa, kuris skiriasi nuo
klasikinés IEL sukeltos programuotos lasteliy mirties ir reikalauja
tiesioginio plazmos poveikio.
IEL apdorojimas (40 kV/cm, 1 ps, 4-100 J/mL) sukelia stabilig C. vulgaris
inaktyvacija (>95 %), o Delftia sp. jautrumas priklauso nuo augimo fazés,
kas leidzia selektyviai iSskirti dumbliy baltymus i§ kokultiry be
papildomy baltymy juosty, stebimy mechaninio suardymo atveju.
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