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Abstrakt / Abstract
Náplní této práce je studium biocid-

ních účinků v roztocích vyvolaných pů-
sobením netermálního plazmatu (NTP),
jež jsou v posledních letech předmětem
intenzivního výzkumu.

Ke zjištění odezvy baterie E. coli
na chemické procesy, vyvolané půso-
bením NTP, generovaného v plynné
fázi (N2/O2) ale působícím pod vodní
hladinou, byla použita plazmová tryska
napájená zdrojem stejnosměrného na-
pětí. Díky použitému technickému
řešení, jež umožnilo přímý kontakt
kovového hrotu s ošetřovanou tekuti-
nou, bylo možné sledovat synergické
působení iontů přechodných kovů a
reaktivních kyslíkových a dusíkových
částic na inaktivaci bakterií.

Účinky plazmatu působícího nad hla-
dinou bakteriální suspenze byly zkou-
mány za použití µAPPJ, generujícího
RF plazma v plynné fázi (He + O2).
Naměřené výsledky poukazují na do-
minantní roli reaktivních kyslíkových
částic, jež způsobují oxidační stres,
vedou k poškození DNA a přechodu
bakterie do stavu, v němž je živá ale
nekultivovatelná.

Inaktivaci mikroorganizmů lze rovněž
docílit rozprášením tekutiny aktivované
plazmatem na kontaminovaný povrch.
K tomuto účelu byl na listy špenátu
pomocí přechodového jiskrového vý-
boje rozprášen 3% roztok silic oregano.
Cidní účinky byly pravděpodobně způ-
sobené synergickým působením náboje
přenášeného micely na povrch mikro-
organizmů a fenoly OEO způsobující
fluidaci bakteriální membrány.

Klíčová slova: inaktivace bakterií,
plazma, korónový výboj, přechodová
jiskra, plazmová tryska.

The subject of this Ph.D. thesis cov-
ers bio-chemical pathways in plasma
activated liquids (PAW), that are un-
der intensive investigation during last
decades. Three possible ways of bacte-
ria inactivation with PAW were studied.

The DC plasma jet generated plasma
in gas phase (N2/O2) during under-
water operation was used to provide
postdischarge bacteria treatment. The
synergistic effect of transition metal
ions and reactive oxygen and reactive
nitrogen species was considered to play
the dominant role in bacteria inactiva-
tion. Moreover, toxicity of the copper
ions even in sublethal doses should be
taken into account, due to possible
DNA damages induced in the cell.

Direct bacteria treatment with PAW
was studied using RF operating µAPPJ
working in He + O2 gas mixture over the
bacterial suspension. Reactive oxygen
species were assumed to play a major
role in bacteria inactivation process
through inducing the oxidative stress,
that led to DNA damage and viable but
non-cultivable state of bacteria. The
evidence of peroxidation of lipids in
the bilayer was measured; however, we
propose, that it did not play a major
role in the bactericidal process.

The contaminated agar and spinach
leaves surface was treated by electro-
spraying of 3% oregano essential oil
(OEO) suspended in 5% polysorbate
80 water solution through the transient
spark discharge. The synergistic effect
of charged and reactive species carried
with micelles onto the surface and phe-
nolic component of OEO was assumed
to cause membrane fluidisation and
resulted to the cell death.

Keywords: plasma inactivation,
plasma, corona discharge, plasma jets.
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Chapter 1
Introduction

Non-thermal atmospheric pressure plasma (NTP) as an innovative tool to treat heat
sensitive materials, e.g. medical tools, living tissues, food and its packaging is a topic
of great interest during the last decades. A significant progress in understanding of
plasmachemical reactions and plasma induced bacteria damage was achieved mainly
during past ten years [1–3]. Nowadays NTP can be generated by variety of sources, some
of them are already used for example in medicine, food preservation, decontamination
of heat sensitive materials, etc. [4–6].

Despite intense research plasma induced bacteria decontamination mechanisms are
still not well understood. The question is challenging due to diversity of plasma sources,
plasma induced processes, their parameters, experimental setups, tissues, etc.

NTP is a source of charged particles, reactive species, UV and visible light, electro-
magnetic field and heat. Bactericidal actions of these agents depend on the type of
treatment, which can be direct or remote. In direct plasma treatment, living tissue,
conductive surface with bacterial load or liquid suspension (all mentioned will be fur-
ther referred as “sample”) plays a role of an electrode, thus the current flows through
the sample. Although during the remote treatment the sample is not connected to the
high voltage directly; the small conduction or displacement current may flow through
the sample in some cases [4]. Moreover, the sample itself can be in one of three states
of matter (solid, liquid or gaseous), that leads to even higher diversity of induced plas-
machemical reactions and physical processes.

Bio-chemical processes directly or indirectly induced by plasma in microorganisms
are usually associated with oxidative stress, membrane or DNA damages. Furthermore,
oxidative stress itself induces a variety of processes, which can force bacteria into a
viable but not cultivable state; evoke apoptosis or nectosis (controlled or uncontrolled
cell death).

Dominant pathway(s) of bacteria inactivation highly depends on experimental con-
ditions, which makes cross-study results comparison problematic. Nevertheless, each
particular study is considered to assist understanding of the plasma-induced biocidal
processes in their whole complexity.

This Ph.D. thesis is focused on antibacterial pathways induced by non-thermal
plasma in liquids. Based on the published literature, that will be referred within the
thesis, the author hypothesized that:

1 reactive oxygen and reactive nitrogen species (ROS and RNS) play a dominant
role in bacteria inactivation, when PAW is generated in atmosphere containing N2
and O2;

2 the electrode material should be taken into account, when there is any evidence
of its release into the treated liquid from the electrode, as it can induce a non
negligible impact to treated microorganisms;

3 reactive oxygen species (ROS) have dominant impact on bacteria in the case when
both plasma and the experiment is held in the atmosphere containing oxygen, but
free of nitrogen;

1



1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4 plasma generated reactive species in gas-liquid interface diffuses into the liquid

and induce different chemical reactions. As a result short lived reactive species
could occur in the close vicinity of bacteria and induce oxidative processes on the
bacterial membrane (e.g. lipid peroxidation) or cause stress to bacteria, that can
provoke bacteria to enter viable but not cultivable state.

5 liquid, which contains any biologically active component (e.g. essential oil), can
be activated with plasma. Such activation can improve its the biocidal properties.

Three different experiments were performed in order to test the hypotheses mentioned
above.. The DC-operated plasma jet, designed to generate plasma in N2/O2 was used to

determine effects of reactive nitrogen and oxygen species and their role in bacteria
inactivation. Moreover, the jet construction allowed its underwater operation,
while the plasma was generated in the gas phase. As a result the jet provoked a
non negligible release of metal ions into the treated solution and was used to test
the hypotheses 1 and 2.. Bactericidal pathways of plasma activated water in nitrogen free atmosphere were
studied using the micro atmospheric pressure plasma jet (µAPPJ) operated over
the water surface. Experimental setup was designed to prevent an access of am-
bient atmosphere to the treated sample, while the jet operated in He + O2 gas
mixture. The role of reactive oxygen species in plasma induced oxidative stress
(see hypotheses 3 and 4) were studied using this setup.. Essential oils (EOs) are aromatic biologically active oily liquids originated from
plants. These substances have been known as a natural remedy since Middle Ages,
and are widely used not only in food preservation industry nowadays. Besides
their successful utilization and high ability of microosrganism suppression, their
maximal concentration in food should be carefully controlled due to their strong
odors. The author hypothesizes that plasma can increase EOs’ biocidal efficiency
(see hypotheses 5). Transient spark discharge was used to activate EO aqueous
solution, that was simultaneously electrospayed onto bacteria inoculated surfaces
in vivo and in vitro, in order to explore its bactericidal properties.

The thesis is divided into three parts: state-of-the-art; materials and methods; re-
sults and discussion. The first part is covered by chapters 2, 3, 4 and 5, and provides
the reader with a review of plasma sources commonly used in the field of plasma de-
contamination; describes antibacterial agents of plasma and plasma activated solutions;
and finally brings the basic information regarding microbiology and bacteria damage
mechanisms. The part called “Methods” (chapter 6) informs the reader about analysis
and assays used to obtain relevant data in order to support discussion on bacterici-
dal pathways induced by plasma in liquids. Results and discussion part consists of
three chapters (chapter 7, 8 and 9). Each chapter contains information regarding ex-
perimental setup, explanation of experimental procedure, and results and discussion
concerning each experiment. The last mentioned part provides the reader with hy-
potheses on possible bactericidal pathways based on experimental results and reports
of other researchers working in the field. Experiments were performed separately under
different experimental conditions and their results are hardly comparable. Neverthe-
less, the last chapter called “Conclusion” provides the reader with summarized results
of the work.
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Chapter 2
Non-thermal atmospheric pressure plasma
sources for microbiological applications

Plasma occurs naturally and composes 99% of observable matter in the known Universe,
for example the solar corona or solar wind, ionosphere and polar lights are all plasmas.
The common discharge channel, visible from the Earth surface — lightning — is also
plasma; as well as St. Elmo’s fires seen by sailors on sharp ends of masts during
thunderstorms on the sea. Human curiosity and desire to understand mechanisms
of plasma generation led to invention of discharge devices. The first frictional charge
discharge was obtained by Greek philosophers; although, the first steps in understanding
of processes governing plasma ignition were not made until the seventeenth century. For
example, a corona discharge, first described as a “pencil of electric light”, was presented
by Priestley in 1734 [7]. Later on devices for spark discharge were investigated by
Leyden (1734) [8], and only with invention of electrochemical battery by Volta (1800)
[9] and progress in electricity generation and storage it was possible to invent more
powerful devices, e.g. a powerful continuous arc discharge discovered by Petrov (1803)
[10].

During the nineteenth century with progress in knowledge in storage of electric energy
and vacuum systems Michael Farraday developed the direct current (DC) glow discharge
(1831–1835) [11]. Several decades later (in 1879) Sir William Cooker identified plasma
as a radiant matter, but did not yet named it [12]. Then J. Townsend in 1900 came
with the breakdown theory and laid the foundation of modern plasma research [13].

But a term plasma was introduced for the first time by Irving Langmuir in 1928 with
a definition written as follows: “Except near the electrodes, where there are sheaths
containing very few electrons, the ionized gas contains ions and electrons in about equal
numbers so that the resultant space charge is very small. We shall use the name plasma
to describe this region containing balanced charges of ions and electrons” [14]. The
definition commonly used to describe plasma nowadays does not differ much from the
initial one and describes plasma as a quasineutral particle system in the form of gaseous
or liquid-like mixture of free electrons, ions and neutrals which all together behave
collectively. Quasineutrality means, that the amount of positive and negative charge
carriers in plasma should be approximately equal, but at the same time ionization of all
particles is not necessary [15–17]. Plasma, used in biomedical applications and plasma
medicine, is weakly ionized with degree of ionization (ratio of charge carriers to all
particles) in range of 10−7–10−4. Moreover, Langmuir in his definition [14] mentioned
a plasma boundary region, called plasma sheath. Sheath has different properties in
comparison with plasma and forms an electrical screening separating plasma and outer
atmosphere. In this region many chemical reactions take place producing of reactive
species, which are highly important in biomedical applications [18–20].

Except the degree of ionization plasma can be characterized by an average energy
of its compounds. Moreover, corresponding thermodynamic temperatures of electrons,
ions and neutrals can be different. Particles in electric field are accelerated and gain
energy in the periods between inelastic collisions (mean free path). During inelastic
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collisions with heavy particles electrons lose a small part of their energy, hence their
thermodynamic temperature is initially higher. If applied electric field is strong enough,
electrons can acquire energy to ionize heavy gas particles and start the avalanche to
induce the discharge. Subsequently, the temperatures of all plasma compounds can
be equilibrated through electrons collisions with heavy particles. Depending on the
temperature of electrons (Te), ions (Ti) and neutrals (Tn) low- or high-temperature
plasma can be distinguished (see table 2.1).

Low-temperature plasma High-temperature plasma
(LTP) (HTP)

Non-thermal plasma Thermal plasma
(NTP)

Ti ≈ T ≈ 300 K Te ≈ Ti ≈ T ≤ 2× 104 K Ti ≈ Te ≥ 107 K
Ti � Te ≤ 105 K

e.g. corona discharge e.g. arc plasma e.g. fusion plasma

Table 2.1. Subdivision of plasmas [16].

In following section we restrict to plasma sources, which are reported to be effective
against microbiological contaminants, mostly by non-thermal plasma with low tem-
perature of heavy particles. Sources are classified by the frequency of power supply
and electrode configuration: corona and transient spark (DC or pulsed DC), dielectric
barrier discharges (DBDs); atmospheric pressure plasma jets (APPJ); and microwave
(MW) driven plasmas in the gigahertz range.

Plasma sources described below can be constructed in different scales depending
on characteristic dimension (L) of generated plasma. Normal scale sources produces
plasma with L > 1 mm, while micro scale ones generates it with L ≤ 1 mm [21].
Majority of normal scale plasma sources can be modified to micro-scaled ones. However,
there is one special source with rectangular electrode arrangement, which was produced
to be a reference plasma jet initially in microscale: micro atmospheric pressure plasma
jet.

2.1 Corona and transient spark
Corona discharge usually appears around thin wires or pin electrodes with small radii
of curvature. The discharge is ignited when electric field in the close proximity of
the electrode is large enough to accelerate electrons up to the ionization energy of the
surrounding gas [22]. Since the gradient of electric field in the close vicinity of sharp
electrode reached breakdown value, the luminosity as well as excitation take place in its
surrounding. In the case of bipolar corona discharge, where both electrodes are sharp
the luminous plasma region can be extended even out of the electrode proximity [23].
With increase of applied voltage the streamer is formed and corona discharge changes
to a streamer corona and than to a transient spark discharge [17, 24].

Point-to-plane configuration is commonly used in the biomedical applications [23,
25] (see figure 2.2(a)). The point electrode connected to high voltage is usually con-
structed using a sharpen rod or a needle, while the plane electrode can be realized as
any conductive surface or liquid; e.g. a solidified cultivation medium inoculated with
microorganisms or bacterial suspension.

In the case the plane electrode is realized with an inoculated agar surface, microor-
ganisms are treated by plasma directly and experience an electron current flow [4]. The

4



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.1 Corona and transient spark

most efficient bacteria inactivation is observed within the region with maximal current
density [26]. Its distribution corresponds to the Warburg’s law [27]:

j(θ) = k
V (V − Vcr)

dn
cosm θ, (2.1)

where θ is an angular coordinate of the point on a plane with respect to longitude
axis, d is a distance between electrodes, V is applied voltage and Vcr is critical voltage
needed for discharge ignition in the used working gas (see figure 2.1). The value of
parameter n was experimentally assigned to 3 [28–29]; parameter m depends on the
corona polarity and was examined experimentally by Warburg: m = 4.82 for positive
corona and m = 4.65 for the negative one. The constant k corresponds to the actual
parameters of the setup and surrounding gas.

Figure 2.1. The ion and electron distribution along the gap between the electrodes (left).
The dashed circle on the plane electrode of the figure on the left represents the zone with
maximum of current density (the imminent zone of the direct treatment). The θ = atan d

r
and r parameters depend on the shape of the point electrode. The figure on the right shows
the charge distribution on the grounded electrode for negative corona discharge generated

using copper electrodes, d = 10 mm, U = 10 kV and exposition time of 3 minutes [26].

With rising energy corona changes to a streamer, and further to a transient spark
discharge [17]. Despite DC applied voltage they are characterized by repetitive pulses
with frequency up to several tens of kHz. The streamer corona appears when the high
voltage applied to the point electrode is several kilovolts higher than the breakdown
voltage of the working gas. With further voltage increase the transient spark discharge
is established [30]. Amplitude of current pulses in this case is higher, but the pulse
duration is in range 10–100 ns [31].

Briefly, streamers are filaments rapidly extended from high voltage electrode gener-
ated by strong electric field. They are usually ejected out of very localized ionization
seeds or if the electric field is above the breakdown threshold in a small area of the
electrode, where the free charge carries begin to avalanche [32]. After initiating, the
streamer can propagate to the rest of the gap, where the field can be too weak for its
initiation. It is propagated under influence of external electric field augmented by its
self-generated field.

Mechanism of streamer propagation depends on its polarity. Free electrons for neg-
ative streamer drift from its ionized channel, while positive streamer needs a constant
source of free electrons in the surrounding gas. The major source of electrons for positive
streamer are photo- and background ionization [32, 17].

Inactivation of microorganisms induced by plasma generated with corona or transient
spark discharge has been studied by different authors.
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Julak et al. [33] presented a bipolar corona discharge, called cometary discharge for

its shape similarity with a tail of comet (see figure 2.2(c)). The cometary discharge
was ignited between two point electrodes connected to a DC high voltage power sup-
ply. Authors reported up 7 log10

1) E. coli inactivation in vitro and significant surface
decontamination in vivo (e.g. guinea pig skin, human skin) [33–34, 23].

Bussiahn et al. [25] used a point-to-plane electrode arrangement to ignite streamer
corona discharge (see figure 2.2(b)). The pin electrode was realized by a stainless steal
needle insufflated with pure argon and created a hairline plasma (as authors called it).
The discharge was characterized by selfpulsing, with pulses of the amplitude of several
milliamperes lasting for nanoseconds with high repetition rate of 1.8 kHz. Authors
reported its ability to enter small cavities e.g. tooth channels and E. coli inactivation
in there.

Machala et al. [24] used point-to-grid electrode configuration to ignite streamer
corona or transient spark discharges (see figure 2.2(d)). They used deionized water
with and without bacteria, streamed through the needle with a constant flow rate of
0.5 ml/min. Water was electrosprayed through the transient spark discharge, which
induced production of reactive oxygen (ROS) and reactive nitrogen species (RNS) in
it. Authors reported up to 6 log10 of E. coli reduction caused by membrane lipid per-
oxidation and other oxidative processes.

2.1.1 A note regarding electrospraying
Electrohydrodynamic atomization (EHDA) technology, or simply electrospraying was
first explored and recorded in 1600 by William Gilbert [35]. However, the precise de-
scription of physics behind the electrospraying was gained after centuries of scientific
investigations. There are several considerable milestones in research of EHDA: in 1750
Jean-Antoine (Abbe) Nollet reported observation of the process and provided it termi-
nology; a century later Lord Kelvin proposed the setup with several kilovolts of potential
differences and achieved electrospraying; in 1882 Lord Rayleigh theoretically predicted
a maximum electric charge that could be carried by a liquid droplet (“Rayleigh limit”
[36]). The limit was experimentally confirmed after a century by Taylor, who developed
a mathematical description of EHDA process (Taylor cone [37]); John Bennet Fenn got
the Nobel Prize in Chemistry for his contribution to electrospray ionization for analyz-
ing biological macromolecules [38]. Nowadays, EHDA is a well-practiced technique for
generation of very fine mono-dispersed droplets [39].

Typical EHDA setup contains a syringe pump, a syringe and a conductive nozzle,
which is connected to DC high voltage power supply. The grounded collector is placed
underneath the nozzle in a certain distance. The principle of EHDA processes is based
on applying electric force to atomize liquid: a drop of liquid at the end of a nozzle is
abducted electrically to the grounded collector, forming the liquid jet, which further
becomes a source of fine drops [40] (see figure 2.3).

2.2 Dielectric barrier discharges
One of the disadvantages of point-to-plane electrode arrangement used for generating
corona discharge is small treatment area. On the contrary, dielectric barrier discharges
(DBDs) allow large areas and volumes or surface treatment.
1) n log10 is a common notation of bacterial reduction, where n stands for orders of magnitude number.
Mathematically correct notation log10 10n is not used in microbiology. For example bacterial reduction of
7 log10 means that 1 bacterium out of 10 000 000 survives
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Figure 2.2. Electrode configurations of DC plasma sources: (a) point-to-plane electrode
arrangement; (b) insufflated needle-to-plane geometry; (c) bipolar cometary discharge; (d)

electrospraying of aqueous solution through transient spark discharge.

Figure 2.3. Photo of the electrospraying process [41].

DBD is ignited between two electrodes insulated by dielectric barrier. This barrier
can be either in contact with one or both electrodes, or places somewhere between them
(see figure 2.4(a–c)). The arrangement shown in figure 2.4(c) is not common in medical
applications. The DBDs are powered with alternating current, as the DC cannot pass
the dielectric barrier. The voltage needs to be high enough to cause the breakdown in
working gas and ignite plasma in the inter-electrode gap. One of the main advantage of
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DBD is possibility to use almost any gas mixtures (from atomic gas, through ambient
air to liquid vapors [42]).

Moreover, DBD can be realized by planar or coplanar electrode arrays generating
surface DBD discharge. Coplanar arrangement can be realized by embedding both
electrodes inside a dielectric barrier, while planar one is achieved by embedding one
electrode into the dielectric barrier and placing the second one on it (see figure 2.4(d–
e)) [43].

DBD can be characterized by its homogeneity (filamentary, discerned or diffuse).
Typical voltage needed to ignite plasma depends on the particular device parameters,
but usually is not less then 10 kV with frequency varying from several kHz to the order
of MHz. DBDs can be used for direct or remote plasma treatment.

Figure 2.4. Possible electrode configurations of DBD plasma sources. Volume DBD dis-
charge with dielectric barrier placed on one (a) or both (b) electrodes, or in the inter-
electrode gap (c). Surface DBD discharge in coplanar (d) and planar (e) electrode ar-

rangements.

DBD is especially interested for industrial applications mainly due to effortless dis-
charge ignition, no need of huge gas flows while almost any combination of gases can
be used. The main disadvantage is high ignition voltage (> 10 kV) and a need of
high-quality isolation [21].

Different configurations of DBD plasma sources are widely used in research and
biomedical applications. For example, Fridman et al. [44] reported the floating elec-
trode DBD (FE-DBD) designed to treat human skin. The power electrode was covered
with isolator with large dielectric constant, while the second virtual electrode was hu-
man skin. They reported up to 8 log10 E. coli reduction on the surface. Polak et al.
[45] designed a DBD source to inactivate bacteria inside up to 5 m long tube with inner
diameter of 2 mm by equidistantly twisted electrodes inside the tube wall. They re-
ported 4 log10 reduction of B. atrophaeus1) spores inside after 10 minutes of exposition
using Ar as a working gas.

Planar or coplanar electrodes arrangement allows creating DBD plasma sources to
cover large areas. For instance, the remote impact of surface DBD in ambient air on
B. atrophaeus spores resulting to 4log10 reduction in 60% air humidity after 150 s was
reported by Hahnel et al. [46]. The planar DBD discharge with electrode arrangement

1) Bacillus atrophaeus is a gram-positive, aerobic rod-shaped bacterium. It has been widely used in
biomedical applications as an indicator for heat- and chemical-based decontamination regimens.
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realized as the concentrate circles was reported by Oehmigen et al. [47] and was used
to treat aqueous solutions to investigate bacteria inactivation pathways.

Detailed review of dielectric barrier discharges and their applications is out of scope
of this thesis, and the reader is asked to find more information in review articles, e.g.
[21, 48–49]

2.3 Atmospheric pressure plasma jets
Winter et al. [50] proposed the definition of the term plasma jet as follows: “The
gas discharge, which is operated in a non-sealed electrode arrangement and projected
outside the electrode arrangement into the environment”. It can be also called plasma
plume or plasma flame. It is usually expelled from the open electrode or a routing tube
by a gas flow or by electric field depending on electrode configuration. The commonly
used abbreviation APPJ was derived from the Atmospheric Pressure Plasma Jet and
was first used by Schutze et al. [51]. Plasma jets can be classified by the discharge
geometry, type of plasma, power supply frequency and working gas or gas mixture (see
figure 2.5). Lu et al. [52] in his article focused on plasma jets used in bioaplications
defined 4 groups of plasma jets:. dielectric free electrode (DFE) jets,. DBD jets,. DBD-like jets,. single electrode (SE) jets.

Figure 2.5. Classification of different plasma jets regarding to the estimated SIE (energy
per working gas volume) [50].

The configuration of DFE jet was reported by the Hick’s group [53–54] (see figure
2.6). The jet is driven by RF power supply with peak-to-peak voltage of several volts,
i.e. electric field in the plasma plume is relatively low and the plasma is blown out the
device by gas flow. The DFE jet is characterized by high power delivered to plasma (in
comparison with DBD and DBD-like jets), that leads to high temperature of plasma,
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Figure 2.6. Dielectric free electrode (DFE) plasma jet designed by Hick’s group [53].

which is not acceptable in biological applications. DFE plasma jet can be suitable for
non heat-sensitive material treatment as the generated plasma is highly reactive.

Common DBD jets consist of one or two electrodes in a coaxial or special ring
arrangement. In the case of coaxial setup plasma is ignited at the sharp end of the
inner electrode, while the outer one is realized as a ring on a dielectric tube routing
the working gas flow (see figure 2.7(c), [55]). The pin electrode is powered by RF
power supply, while the ring one is grounded. However, virtualization of the grounded
electrode is also possible and is shown in figure 2.7(d), [56].

The DBD jet with ring electrodes placed on the dielectric tube was first reported by
Teschke et al. [57] and is shown in figure 2.7(a). High voltage is connected to one of
the ring electrode, while the second electrode placed closer to the tube end is grounded.
The geometry shown in figure 2.7(b) is reduced to a single electrode setup, therefore
the discharge inside the tube is weakened [58].

Arrangements shown on figure 2.7(a) and 2.7(c) generate stronger electric, which
makes plasma more reactive. Moreover, noble gases (like Ar, He) are usually used to
expel plasma outside the jet. Plasma generated in these gases is known to produce
VUV radiation [59]; nevertheless, plasma properties depend on particular jet geometry.

And finally in figure 2.7(e) is shown the microhollow electrode arrangement, when
electrodes are placed on the outer side of dielectric chamber supplied with a hole. The
plasma plume blown out with a working gas can reach several centimeters [56].

A typical DBD-like jet consists of a pin or capillary electrode and the ring electrode
outside the outer dielectric tube. These jets can be powered either by AC (kHz or RF)
or DC power supply. Unlike DBD plasma jets, the inner electrode is not covered with
dielectric. That is why when the jet operates against the dielectric surface or gas, it
works basically as DBD discharge. In the case the treated sample or tissue is conductive
the discharge is running between the high voltage (HV) electrode and the sample and
the risk of sparks with high current density occurs. This fact should be taken in account
when working with biological material or living tissue.

Possible electrode arrangements are shown in figure 2.8. Pure gases or gas mixtures
are usually used to expel plasma outside the jet. Inner capillary electrode allows to feed
the discharge with two gases avoiding their mixing together. This setup was reported
to be more effective for reactive species generation [60], in comparison to application of
gases mixed in advance (see figure 2.8(b)) [61].

The SE jets are rather similar to previously mentioned DBD-like jets, but they
lack the ring electrode. The outer dielectric tube used in configurations shown in figure
2.9(a) and 2.9(b) guides the working gas. These jets are usually powered by DC voltage
and can be characterized as DC or pules-DC corona discharge. Moreover the electrode
arrangement shown in figure 2.9(c) was already mentioned in the section 2.1. Treated
sample should be conductive and again there is a risk of local increase of current density
leading to thermal effects. Nevertheless, this kind of jets is applicable for example in
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Figure 2.7. Electrode configuration of DBD jets: using RF-driven ring electrode with (a)
and without (b) the second grounded ring electrode; consisting of RF-driven pin-electrode

with (c) and without (d) grounded ring one; microhollow electrode arrangement (e).

Figure 2.8. DBD-like plasma jets: with pin (a) and capillary (b) powered electrode and a
grounded ring one.

dentistry, where the very thin plasma plume is necessary to be applied inside the teeth
channel [62–63].

2.3.1 µAPPJ
Plasma jets described above are constructed using coaxial or outer rings electrode ar-
rangements; nevertheless, the rectangular one with symmetric, coplanar, stainless steal
electrodes is also possible (see figure 2.10). Schulz-von der Gathen and co-workers [64]
used this arrangement to design a µatmospheric plasma jet (µAPPJ). Their goal was
to create a jet which is easy to calibrate and modify plasma jet, and it is based on the
original APPJ introduced by the group of Hicks and Selwyn [51].
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Figure 2.9. Single electrode plasma jets.

µAPPJ has been and is actively investigated at several institutes, and about 40
articles describing experimental measurements, models and simulations have been pub-
lished [65]. Characterization of physical and chemical phenomena occurring in micro-
scale APPJ were provided taking advantage of the simple device geometry.

Figure 2.10. Schematic of the rectangular electrode arrangement of the µAPPJ.

The working gas of the jet is He, however different admixtures (e.g. He + O2,
He + N2) have been used to evaluate plasmachemical and biocidal processes. Quantita-
tive and qualitative characterization of atomic nitrogen density depending on nitrogen
admixture to the working gas was reported [66–68]; the complex plasma chemistry was
modeled [69–70]; helium metastables in plasma and jet afterglow1) were measured [72].
µAPPJ was also used to investigate the plasma induced chemistry of treated aqueous
solutions, and the pathways of hydrogen peroxide and hydroxyl radicals generation
were proposed [73]. Discharge propagation dynamics in modified jet, when glow and
constricted discharges co-existed was described [74–75].

Moreover, bacteria inactivation pathways were studied using modified µAPPJ [76–77]
to study reactive species and emitted photons separately. Authors concluded, that the
damage of bacteria envelope was caused mainly by plasma produced particles, while
DNA modifications were induced by both particles and emitted photons.

Results of experiments provided to evaluate bactericidal pathways in plasma treated
aqueous solution using µAPPJ are summarized in section 8.2.
1) “The radiation emitted from plasma after the discharge is not maintained anymore.” [50, 71]
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2.3.2 DC driven plasma jets
Plasma jets driven with DC power supply are usually constructed using the electrode
arrangement shown in the figure 2.11(a). The most commonly used DC-driven plasma
jet was reported by Kolb et al. [78]. The inner capillary electrode is insulated with
alumina tube and the second grounded electrode makes the cover; although, the jet
is driven with positive or negative DC voltage, the outer electrode is not completely
insulated from the inner capillary one, and makes a chamber where plasma is generated.
The distance between the electrodes, a diameter of inner capillary electrode and working
gas parameters are crucial for plasma ignition. Material and feeding gas varies in
dependence on the particular parameters in each scientific group. For instance, Sun
et al. [79] used the micro scale electrode arrangement and Ar with admixture of O2
or N2 to investigate inactivation pathways of plasma treated aqueous solutions. They
inactivated more than 97% of B. subtilis1) in the treated water and assigned inactivation
to reactive oxygen species, namely to OH•,O−•

2 ,O2(1∆g) ). Zhu et al. [80] used similar
gas mixtures and reported options to control plasma compounds via the working gas.
Kolb et al. [81] and Li et al. [82] reported inactivation of several microorganism strains
(one gram positive, two gram negative bacteria and one yeast) and concluded, that
inactivation was achieved by plasma generated reactive species, since single effect of
heat and UV-radiation was excluded.

Figure 2.11. Schematic of DC jets commonly used to investigate of plasma induced biocidal
effects. (a) shows typical electrode arrangement of widely used jet, first invented by Kolb
et al. [81] and (b) shows DC driven array of 20 microcathode sustained discharges [83].

Moreover, Li et al. [82] reported lipid peroxidation, DNA damage and modification
of protein of E. coli induced by plasma generated with DC-driven plasma jet oper-
ated in pure oxygen. There are even more authors, who used similar setup for their
1) Bacillus subtilis is commonly used in biomedical studies as a characteristic representative of Gram-
positive spore-forming bacteria.
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investigations. For instance, Deng et al. [84–85] used the nitrogen with admixtures
to deposit inorganic films; Xian et al. [86] investigated formation and propagation of
plasma bullets with electric field.

Arrays of microcathode sustained discharges (MCSD) driven with DC power supply
were reported by Sousa et al. [84]. A single array consists of 20 MCSD units, while each
unit is created as a microhollow cathode discharge first developed by Schoenbach et al.
[83]. The electrode arrangement is shown on figure 2.11(b). All micro units are placed
in the chamber and the plasma is expelled from it by the gas flow (He with admixture
of O2 or NO). Authors were able to produce 1.0× 1017cm−3 of singlet delta oxygen.

2.4 MW-driven plasmas
In order to exhaust all possibilities plasma sources used in biomedical applications
MW-driven plasma sources should be mentioned.

Microwave (MW) plasma are generated in electrodeless setup. The plasma is ignited
and sustained by the electromagnetic radiation with frequency 2.45 GHz. Free electrons
absorb the MW energy and ionize gas particles via inelastic collisions. As a result,
power consumption increases and a number of free electrons rises. Energy of electrons
in such plasmas does not usually exceed 2 eV and their density reaches values of about
3× 1021 m−3 [87].

There are several commonly used setups of MW plasma sources. They usually use a
magnetron, that generates microwaves at 2.45 GHz. Waves are transmitted by a coaxial
cable or rectangular waveguide to a discharge chamber. Discharge can be insufflated
with different gases, gas mixtures or air with gas flow of moderate rate of several
slm. Amount of generated reactive oxygen species (ROS) and reactive nitrogen species
(RNS) depends on used working gas; e.g. Shimizu et al. obtained 2 750 mg/l of NO
and 400 mg/l of ozone using ambient air [88].

Nowadays, MW sources are realized as self-ignited plasma jets by inserting a quartz
tube to lead the gas flow into the discharge space [89–90]. Moreover, downscaling of
MW plasma torches allows to decrease power consumption down to several tens of watts
[91–92].

Different studies on the MW plasma sources report inactivation of B. cereus spores1)
up to 5 log10 reduction after 10 s of direct air MW plasma treatment of the contami-
nated surface [93]; or inactivation of 2 log10 of E. coli contaminated surface by indirect
treatment [94], etc. Moreover, at least 5 log10 inactivation of E. coli, S. aureus or A.
brasiliensis2) in PET bottles was reported [95]. Authors of a recent study in which bac-
teria inactivation pathways of MW-driven Ar plasma jet [96] claimed UV-C radiation
and hydrogen peroxide species as main inactivation factor. Experiments were held on
E. coli UV-sensitive mutants and wild stains [97].

More information regarding MW-driven plasma sources and schema of particular
setups can be found in the review article [21].

1) Bacillus cereus is a gram-positive, heat resistive food borne pathogen.
2) Aspergillus niger is a fungi, causes black mold of onions.

14



Chapter 3
Plasma agents for bacteria inactivation

Non-thermal plasma induces a complex gas-phase chemistry, while the gas temperature
remains low. This phenomenon makes NTP attractive for many applications, such as
biomedical (e.g. sterilization of heat sensitive materials, wound healing), food preserva-
tion, etc. The gas phase chemistry in NTP is induced by energetic electrons, while the
heavy particles remain at low energy. Electrons collide with gas atoms and molecules
causing excitation, dissociation, and ionization. Gas plasma induction is associated
with generation of various species, energetic particles (e.g. electrons, ions and pho-
tons), reactive species (e.g. free radicals and metastables), and transient fields (e.g.
heat, shock and acoustic waves, electrostatic and electromagnetic fields). Interactions
of these agents with living metter is a topic of great interest nowadays and due to its
complexity is still not completely understood. Moreover, particular chemical and phys-
ical processes induced by plasma depend on a plasma source, experimental setup and
surrounding conditions in the laboratory. Treated medium plays an important role as
well. This makes comparing of achieved results even more problematic.

3.1 Charged particles
The atmospheric pressure discharges produce charged particles mainly in their active
region. Charged particles are involved in bactericidal processes during direct plasma
treatment, when the treated substrate is a part of electrical circuit [4]. On the other
hand cell experiences zero total charge during indirect treatment, as plasma falling down
onto the cell is quasineutral [98]. Charged particles play essential role in microorganisms
inactivation causing ruptures of the outer membrane of bacterial cells [99–100].

Changes in gram-negative bacterial membrane morphology induced by charged par-
ticles were ascribed to processes occurring in their thin cell wall [101–102]. The cell wall
is rough and can accumulate charged particles on the surface and gets charged. Bacteria
experience an outward electrostatic force due to each charge carrier being subjected to
the repulsive forces of charges with same polarity [102, 59]. This force is proportional
to the square of charge potential:

|φ| ≥ 0.2
√
rdFt, (3.1)

where r is the radius of the surface curvature, d is a cell membrane thickness and Ft

is an electrostatic force. The period of charge accumulation needs to be long enough to
cause cell death.

Another hypothesis was offered by Digel et al. [103]: cell wall modifications might
be explained by chemical processes induced by plasma born charged particles on pro-
teins. Moreover the hydroxyl radical was proposed to play a major role in protein
damage. Guo et al. ([59]) discussed both mentioned inactivation mechanisms and
proposed that chemical and electrical processed simultaneously lead to the cell death.
The charge accumulated on a cell wall surface increases a transmembrane potential
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and leads to modifications of protein conformation. It allows to open membrane ion
channels (Na+,K+,Ca2+ and Cl−)1) and to push ions in- or outside the cell (with
respect to partial pressure gradient). Charge accumulation increases further because
NTP generated ions are too large to pass through opened ion channels and leads to
crucial proteins conformation changes, which can result in their exclusion from a cell
membrane. Once a protein is displaced, a huge pore remains on its place, big enough
to let plasma produced reactive species get inside the cell and disturb the activity of
proteins and enzymes. It was suggested that cytoplasm would leak out through these
pores and induce the cell death (see figure 3.1).

Figure 3.1. Mechanism of bacteria inactivation with charge particles proposed by
Guo et al. [29].

3.2 Reactive species
Plasma produced reactive species differ with an operating gas mixture and surrounding
in which plasma is generated (gas or gas-liquid interface). Reactive species generated by
plasma, especially reactive oxygen and nitrogen species (ROS, RNS and RONS; see table
3.1), are extremely important biologically, as they are generated enzymatically within
bacteria metabolism. However, the RONS added to bacteria externally by plasma can
act differently, comparing to those, created by the cell [2].

The brief overview on published results shows that obtained bacterial reduction rate
and assumed inactivation mechanisms strongly depend on the working gas mixture
composition, as well as on atmosphere in the reactor. If one uses helium-driven plasma
jet, molecular oxygen should be added in order to inactivate bacteria, even though O2
increases a breakdown voltage. For instance, Laroussi et al. [104] suspected reactive
species (e.g. NO,NO2,O,O3,OH) to play a major role in spores inactivation. This con-
clusion was made after comparison of Bacillus subtilis2) spore decontamination with a
jet of pure He plasma or a gas mixture He + O2. They observed significant improvement

1) Ca2+ channels present in the membrane of eukaryotic cell
2) Bacillus subtilis is gram-positive, one of the best understood prokaryote, and it is used in a wide range
of microbiological studies as a model organism.
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Reactive oxygen species Reactive nitrogen species
Radical Non-radical Radical Non-radical

O−•
2 H2O2 NO• HNO2

OH• O1
2∆g NO•

2 NO+

HO•
2 O3 NO•

3 NO−

RO•
2 ROOH N• N2O3

RO• ONOO− N2O4
CO−•

2 O2NOO− N2O5
1O2 ONOOH ROONO
O• CO RO2ONO

Table 3.1. List of various reactive oxygen and nitrogen species produced in plasma or
plasma-liquid environment [32, 2].

in quality and quantity of spores inactivation caused by oxygen addition. Experiments
were performed in ambient air, that is why presence of nitrogen species were expected.

Lai et al. [93] claimed plasma generated atomic oxygen plays an important role in
bacterial inactivation, while Timoshkin et al. [105] asserted both nitrogen and oxygen
reactive species play a key role. Differences in their conclusions were due to different
plasma devices. Timoshkin et al. used two-points to metallic mesh DC corona discharge
to treat inoculated surface indirectly using ambient air as a working gas. While Lai et
al. used a microwave plasma torch working in ambient air to inactivate spore forming
bacteria in the agar surface treated indirectly.

Deng et al. [106] and Kim et al. [107] independently studied the effect of gas
mixture He and He + O2 used as a working gas for a plasma jet on bacteria and obtained
quantitatively different results. However both groups concluded, that mixture of helium
and oxygen appeared to be a suitable gas mixture due to high production of reactive
species in plasma.

Lu et al. [108] performed experiments with plasma jet using He + N2 and He + O2
working gas and indirectly treated substrate. They attributed antibacterial impact to
reactive species, including oxygen atoms, ozone, and metastable state O∗

2 in both cases.
Authors using plasma sources working with N2 and O2 containing gases (e.g. ambient

or synthesized air) ascribed essential role in bacteria inactivation to reactive oxygen
species (H2O2,O,O3,OH•,O1

2,O−•
2 ) and their reaction with RNS [109–110, 82, 111–114].

These species are known to induce oxidative stress in bacteria, which leads to membrane
degradation (e.g. lipid peroxidation) and DNA damage [2].

3.3 UV light
It is widely reported, that various plasma sources generate ultraviolet (UV) radiation;
however, its role in inactivation processes is also not definitely understood yet. The
spectral density of UV light depends on the configuration of plasma source, working gas
composition, power supply, etc. Only UV light with wavelength in range of 200–300 nm
and doses of several millijoules per square centimeter are known to cause bacteria in-
activation [115, 4]. However, smaller doses of UV radiation can cause sublethal damage
to bacteria and induce changes in its DNA.

Possible effects of UV light generated by plasma was described by Boucher [116]
in 1980. He proposed, that photons of energy in range of 3.3–6.2 eV induced strong
bactericidal effect, as the energy corresponds with the maximal DNA absorbance wave-
length. They showed, that UV radiation was more effective in inactivation of small
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non-sporulated bacteria, because the depth of UV-light action is restricted to microm-
eters. Additionally, in the case of cell culture, which grew on the surface in layers,
UV-light was absorbed by the cells of the top layer preventing those underneath from
destruction. In the case of spores, which are bigger and highly resistant, it was assumed
that UV light may contribute to partial alteration of disulfide-rich protein coat and al-
low diffusion of free radicals into the cell [116]. Nowadays, it is well known, that UV
light is absorbed by nucleic acid of the cell, resulting to formation of thymine dimers,
that stop DNA replication. Moreover, the results of recent studies confirmed, that the
lethal effect of UV-A radiation is caused primary by protein damage [117].

The role of UV light in non-thermal plasma induced bacteria inactivation is still a
topic of discussions. It is reported, that UV light plays a major role in the microwave
driven plasmas or plasma generated by gliding arc discharge.

Moisan et al. [118, 111] in their review article summarized information considering
changes in bacterial survival curves1) induced by plasma treatment of surface (see figure
3.2). Major role in plasma induced bacteria inactivation was ascribed to UV light.

They assumed three phases of bacteria inactivation process:

1 direct DNA damage induced by UV light;
2 erosion of the microorganism through the intrinsic photodesorption, which is in-

duced by breaking chemical bonds with UV light photons leading to formation
of volatile compounds and destruction of the cell. Authors who worked with mi-
crowave plasma devices usually use Ar or N2/O2 as a working gas. Devices op-
erating in Ar are more sufficient with the dominant role in bacteria inactivation
assigned to UV [119, 109, 120].

3 erosion of the microorganism through etching, resulting from the reactive species
adsorption from plasma.

Non-thermal plasma devices operating in lower than microwave frequencies (with
some exceptions) are assumed to generate UV radiation of insufficient intensity to cause
bacterial death. Several authors confirmed this hypothesis experimentally: for instance,
Hermann et al. [122] performed experiments with APPJ and a quartz glass window to
screen out all plasma agents except the UV light. They did not recognize any inactiva-
tion or at least sublethal reduction of Bacillus globigii2); Machala et al. [24] performed
similar experiment with his plasma spraying DC-driven device. They obtained similar
results with no inactivation of E. coli on the surface. Analogous experimental results
were obtained by Dobrynin et al., Deng et al., Lu et al. and other groups working with
different non microwave driven NTP sources [123, 106, 108]. The author of this thesis
also investigated, whether the UV light plays a significant role in surface decontamina-
tion with corona discharge in point-to-hollow electrode geometry. Her results confirmed
results described above — UV light did not play the major role in bacteria inactivation
[124].

1) Survival curve is a dependency of bacteria reduction on treatment time. This curve is characterized by
the D value, which can be described as an inactivation rate, i.e. bacteria reduction rate as a function of
time.
2) Bacillus globigii has been called B. subtilis var niger, it is gram-positive, spore-forming and is commonly
found in dust, soil and water. It is a human pathogen and it is usually used as a tracer organism or
biological indicator.
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Figure 3.2. Mechanism of bacteria inactivation proposed for microwave driven discharges,
where UV irradiation play a major role [121, 118].

3.4 Heat

There are two kinds of conventionally used heat sterilization: moist and dry ones.
Moist heat sterilization technique includes autoclave method, when temperature of
121 ◦C under large pressure is used to sterilize surfaces and liquids [125]. The dry heat
sterilization needs even larger temperatures (up to 170 ◦C) to inactivate most of known
microorganisms [126]. However, smaller temperatures are sufficient to cause sublethal
damages or stress response to most known bacteria. E.g. microorganisms used in this
study (E. coli, S. aureus, C. albicans) show heat shock response already at 42 ◦C, and
it results to 2 log10 bacteria reduction. The fourth microorganism used in this study,
D. radiodurans, is less heat sensitive and is able to resist even 85 ◦C heat-shock [127].
Hence to provide heat sterilization (> 5 log10 bacteria reduction) temperatures over
100 ◦C should be used [128–129].

Most non-thermal plasma devices operate at low temperatures; however, in the case
of APPJ, temperature of expelled plasma plume changes with distance from the nozzle.
Temperature distribution of the DC-operated plasma jet used in this thesis, was eval-
uated by Mohamed et al. [130]. They measured temperature of the expelled plasma in
dependence on the distance from the jet nozzle, used carrier gas, its flow rate and elec-
trical parameters (supply voltage and current). Temperature decreased with increase
of the gas flow rate and distance from the jet nozzle, while the current and voltage were
kept constant. In the case when the gas flow rate and distance were kept constant, the
temperature of expelled plasma increased with increasing current (see figure 3.3).

Analogous situation can be observed for different plasma devices in the case of remote
treatment [131]. As one can see in figure 3.3 plasma temperature in close vicinity of the
nozzle can reach even more than 100 ◦C. However, it is not common to place treated
sample within 2 mm distance from the nozzle.
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Figure 3.3. Gas temperature along jet axis for different flow rates (left) and working gases
with flow rate 0.11 slm flow rate (right) measured on DC-operated plasma jet [130].

Nevertheless, there are several plasma sources (e.g. microwave ones, gliding arc or
dielectric free electrode plasma jet) when the heat should be consider as a possible
inducer of bacteria shock state [59].

3.5 Electric field
The intensity of electric field generated by non-thermal plasma sources is not sufficient
to provide bacteria inactivation. It reaches the maximum values in a close vicinity of
the electrodes. When the sample is treated remotely, it is usually placed 5–100 mm
from the device nozzle, so the electric field can be neglected. However, in the case of
direct plasma treatment, when the sample acts as an electrode, electric field can signifi-
cantly contribute to bacteria damage. Intensity of electric field up to 20–30 kV/cm and
50 kV/cm was reported for dielectric barrier discharge and glow discharges respectively
[132–135]. Moreover, direct plasma treatment with DC discharges leads to charge ac-
cumulation on the cellular surface, which rises potential difference between the intra-
and extracellular space and induce membrane ruptures.

Critical intensity of electric field required for membrane destabilization is 10–
14 kV/cm [136–137], because microorganisms decline its ability to close pores formed
on the membrane. Porous membrane becomes hydrophilic, fails in its barrier function,
and allows molecular flow through it. The current flow corresponding with Joule heat
contributes to membrane destabilization and loses of its integrity. Loss of membrane
integrity can result in a cell death.
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Chapter 4
Bactericidal effects of plasma activated
water

Interaction of plasma agents with living matter usually takes place in the gas-liquid
interface, e.g. directly in bacterial suspension, or under humid conditions. NTP in-
duces various chemical and physical processes in the gas, gas/liquid interface and liquid
resulting to formation of reactive compounds. Variety of primary and secondary species
depends on the discharge type, surrounding environment and properties of treated liq-
uid. For example, the plasma working gas and energy dissipated in plasma influences
reactivity of species, while composition of the treated liquid can affect plasma induced
reactions through presence of electrolytes.

Prolonged post-discharge bactericidal properties of treated liquids were referred dif-
ferently by various researchers: e.g. “the water of death”, plasma activated water
(PAW), plasma acid, plasma pharmacology, or prolonged microbial resistance of water
[138–142]. The term “Plasma activated water” or PAW proposed by Kamgang-Youbi
et al. [139] will be used in this thesis, as it is widely used worldwide considering any
plasma treated aqueous solution, e.g. plasma treated phosphate buffered saline, or
plasma activated essential oil can be also referred as PAW.

Bactericidal effects induced by plasma in liquids were demonstrated for: unbuffered
solutions such as deionized (DI) water [143–145, 3], normal saline [47, 146] or buffered so-
lutions [1, 147–148, 145]. However understanding of post-discharge processes in aqueous
solutions is challenging due to diversity of both gas and liquid environments. Moreover,
liquid evaporation or its eminent contact with electrode can change plasma parameters
or affect formation of species in gas phase.

Acidification of unbuffered solutions induced by gas-phase plasma has been reported
[149–159] (see table 4.2). One of the first studies referring this phenomenon was pub-
lished in 1990 by Brisset et al. [150]. They used DC corona discharge established
at point-to-plane electrode arrangement over the aqueous solution surface. They at-
tributed acidification to excited nitrogen species (NO−

2 ,NO−
3 and singlet oxygen.

The major role on pH changes was ascribed to weakly acidic HNO2 as well as to
HNO3. Nitrous acid does not dissociate completely in low pH solutions, and can give
rise to spontaneous formation of nitrigen monoxide (NO•) and nitrogen dioxide (NO•

2).
Both NO• and NO•

2 are cytotoxic and are more likely to be known as acidified nitrites.
It has been reported, that acidic conditions are good prerequisite for nitrites to act as
an antimicrobial agent [160].

Formation of hydrogen peroxide in PAW might also contribute to pH decrease. Nev-
ertheless, concentration of accumulated H2O2 rarely increase over 2 mmol/l (see table
4.2) and it might be too low to cause observable pH changes [32].

Plasma induces formation of transient RNS in gas-liquid interface, which are ex-
pected to play a major role in bacteria inactivation [47, 162–163, 143–144, 164, 145, 165,
1]. Pathways of short-lived RNS generation are depicted on figure 4.1, right dashed box
[161] and can be summarized through following oxidizing reactions [32]:
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Figure 4.1. Pathways of short-lived ROS and RNS generation induced by gas-phase plasma
in gas-liquid interface proposed and simulated by Liu et al. [161]. Abbreviation “MT”

corresponds to the mass transfer.

O−•
2 + NO• → O=N−OO− (4.1)

NO−
2 + H2O•

2 → O=N−OO− + H2O (4.2)

OH• + NO•
2 → O=N−OO− + H+ (4.3)

Reactivity of peroxinitrites is strongly pH dependent, and under acidic conditions
the protonated form of peroxinitrite predominates and it decays into HO• and NO•

2
radicals:

O−•
2 + NO• ↔ O=NOO− ±H+

←→ O=NOOH↔• OH + NO•
2. (4.4)

Reactive nitrogen species are recognized to play variety of important biological roles
[166], e.g. they are involved in the cell signaling pathways, or redox chemistry [2]. For-
mation of peroxynitrites under acidic condition can catalyze reactions of other reactive
species with fatty acids on cellular membrane and lead to membrane degradation and
DNA damage [167–169].

Hydroxyl radical is the major ROS formed by electrical discharges in gas-liquid in-
terface, and its hard to overestimate its impact in bacteria damage. OH• radical among
others induces strong oxidative stress, starts lipid peroxidation, and is involved in DNA
damages (see chapter 6). It is short-lived molecule with half-life of approximately 200 µs
and high oxidizing power E0 = 2.85 V, that makes it the strongest oxidant in aqueous
environment. Nevertheless, due to its short life-time it should be in close vicinity with
biological material or to be generated inside the cell to induce cell damage. OH• radicals
formation in PAW is caused both by their diffusion from gas phase plasma, or by direct
formation in aqueous solution in contact with discharge attributed to photochemical
reactions [32].

Direct impact of UV-radiation to a microorganism is very limited since it needs to
sufficient dose of radiation to be damaged. There are several main processes resulting
in formation of hydroxyl radical induced with photolysis. Photolysis of ozone, taking
place in 200–280 nm region:

O3 + hν → O2 + O(1D) (4.5)

O(1D) + H2O→ 2OH•; (4.6)
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the photolysis of hydrogen peroxide in the 200–300 nm region [32, 170]:

H2O2 + hν → 2OH•. (4.7)

Generally short lived ROS are very important in bacteria inactivation processes, as
they induce oxidative stress. Ozone is another powerful oxidant, which dissociates from
the gas-phase into liquid. Ozone is unstable in solutions; moreover, hydrogen peroxide
accelerates its decomposition and increases generation of OH• radical via peroxone
process [32, 161] (eq. (4.8), (4.9) occurs very slowly in low pH (see figure 4.1, left
dashed box).

O2 + HO−
2 → HO•

2 + O•−
3 (4.8)

O•−
3 + H2O→ OH• + OH− + O2 (4.9)

The role of ozone in bacteria inactivation in PAW was discussed by several authors,
as despite it short life-time ozone is highly reactive and is known for its cytotoxicity.
Pavlovich et al. [148] reported a good correlation of O3 concentration in PBS with
E. coli reduction rate, and concluded an important if not dominant role of ozone.
They prepared PAW by remote surface DBD treatment in ambient air. Machala et
al. assumed ozone contribution to antibacterial effect in PAW prepared with transient
spark discharge [145].

The diversity of plasma reactors, experimental conditions and ways of bacteria treat-
ment make the question even more challenging and bring a question of comparability of
results of different scientific groups worldwide. A short review of bacteria inactivation
with chemical composition of PAW across different plasma sources is provided in tables
4.1 (bactericidal properties) and 4.2 (chemical composition).

There are several commonly used ways of bacteria exposure to PAW that are:. bacterial suspension is added to treated solution prior to plasma treatment, i.e.
bacteria are treated with plasma in the liquid media;. bacteria suspension is added to the solution within 1–3 minutes after the plasma is
turned off, i.e. bacteria are exposed to post-discharge chemical processes in PAW;. bacteria suspension is added to PAW within hours (or even days) after plasma
treatment.

The key role in bacteria inactivation with PAW is usually prescribed to synergistic ef-
fects of hydrogen peroxide and nitrites, through formation of transient nitrogen species
in acidic environment. The dominant role of hydrogen peroxide is excluded according
to evidence that the minimal inhibitory concentration of this species investigated for
example by Penna et al. [171] is at least one order of magnitude higher then its con-
centration generated in PAW (see table 4.2). Moreover, the effect of NO−

x and H2O2
on bacteria in artificially prepared solution with the same concentrations as in PAW is
negligible as well [172]. The correlation between bacteria inactivation rate and PAW
acidification was observed by different authors [172, 147, 173].

There are several studies, which report very different mechanisms of bactericidal
effects of PAW. For example Sakiyama et al. [174] reported inactivation of 99.5% of
E. coli bacteria in normal saline solution after microdischarge treatment of the sample.
In their setup the electrodes were dipped into liquid, while the discharge was generated
in the gas-liquid environment. Authors proposed dielectrophoresis to be the leading
mechanism of E. coli inactivation in 100–500 µm distance from the electrodes, and
ascribed it to nonuniform electric field in the reactor. They assumed classical electrolysis
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to occur on the electrodes with formation of hydrogen and chlorine gases. Reduction of
hydrogen was accompanied with generation of highly reactive OH−, which could play
a significant role in bacteria inactivation.

Bactericidal effect of stored PAW decreases significantly and is ascribed to long-lived
species and acidification [138, 144]. At the same time, the role of transient species
cannot be excluded, considering the fact, that bacteria are always added into stored
PAW in suspension with different concentration of chemicals. Pure DI water is usually
not used in order not to cause osmotic shock to bacteria. Bacteria solution insertion
and vortexing of PAW with bacteria gives rise to various chemical processes, that still
were not deeply examined.

Tables 4.1 and 4.2 contain summary of PAW bactericidal properties and chemical
components reported by authors mentioned above.
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Chapter 5
Microbiology

The term microorganism does not correspond to any precise taxonomic category. It
is commonly used to refer to any organism in a small scale, which is impossible to
see with a naked eye. However, the term is usually used for macroscopic forms that
belong to a group that is largely microscopic (e.g. the fungi, the algae), and it is not
used to define some microscopic animals with organ systems. Most microorganisms are
unicellular, i.e. the entire organism consists of a single cell. Some microorganisms can
organize to create filamentary structures by attaching to each other, but they do not
form differentiated tissues and organs [177].

The cellular world is divided into two major groups based on whether or not cells
have nucleus or not. Nucleus refers to an internal membrane-enclosed region containing
genetic material. Cells that have a well-defined nucleus are called eukaryotic, whereas
cells that lack a nucleus are called prokaryotic [178]. In addition, DNA of prokaryotic
cell is not organized into multichromosomal structures as it is in eukaryotes, but it is
typically single double-stranded molecule of DNA.

Typical microorganism contains of 70% of water and 30% of “dry-weight”. The
dry-weight comprises macromolecules, lipids, and various monomeric building blocks,
intermediates in biochemical pathways, enzymes cofactors, and inorganic ions. The
particular percentage of each compound depends on the microorganism. An example
of E. coli composition is shown in figure 5.1 [177].

Figure 5.1. An example of the cell composition using E. coli [177].
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Microorganisms are highly complex and adaptable to changes of their habitat. They

have mechanisms to resist damage and adjust to hostile surrounding [177]. Both eu-
karyotes and prokaryotes employ very similar metabolic pathways to achieve cell growth
and maintain viability [178].

Typical prokaryotic cell is small and can assume one of three basic shapes: spherical
(coccus, �1 µm, e.g. S. aureus), rodlike (bacillus, 2 µm long, �0.5 µm, e.g. E. coli), or
curved (vibrio, spirillum, or spirochete). All cellular components of prokaryotic cell are
gathered in a single cytoplasmic compartment, and are enveloped by the phospholipid
membrane and a cell wall [179].

Typical bacteria possess a complex cell wall, which consists of a peptidoglycan struc-
ture. This structure is a meshwork comprising sugars and amino acids, and its major
roles are to separate interior of the cell from the outer environment, prevent water loss,
protect the cell against infections and mechanical stress. Moreover, it gives the cell
its definite shape and helps with osmotic-regulation. The cell membrane is composed
of phospholipid molecules, which form a thin polar structure called lipid bilayer. The
membrane creates as a selectively permeable barrier, restricting the kind and amount
of molecules that enter and leave the cell [178].

Depending on the cell wall and membrane molecular structure bacteria can be divided
into two groups: gram-positive and gram-negative (see figure 5.2). Gram-positive
bacteria have thick multilayered peptidoglycan cell wall, which encloses the membrane.
Peptidoglycan meshwork is interwoven with polymers called teichoic acids, which play
a role of cell surface antigens. Gram-negative bacteria have two membranes: the
outer membrane and cytoplasmic one. The peptidoglycan layer is located between
two membranes in a substance called periplasmic space. In contrast to gram-positive
cells, peptidoglycan layer of gram-negative bacteria is thin; therefore, they are more
susceptible to physical damage [177–179].

Figure 5.2. Gram-positive and gram-negative bacteria membrane [180].

Contrary to prokaryotes, typical eukaryotic cells have a complex ultrastructure com-
prising membranous and non-membranous organelles, which serve specific functions
within the cell. Eukaryotic cells are larger than prokaryotic ones, due to their capa-
bility of endocytosis (a form of nutrients active transport). Endocytosis liberates the
cell from constraints of simple diffusion, allowing them to sustain a relatively small
surface area to volume ratio. The surface of eukaryotic cells is formed by a plasma
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membrane, which is a selectively permeable barrier between the cytosol and the envi-
ronment [178–179]. The structure of eukaryotic membrane and cell wall depends on
the type of eukaryote, e.g. only fungi and plant cells have the cell wall (see figure 5.3).
However, this thesis is focused on mechanisms of inactivation of bacteria and the reader
can find more information regarding eukaryotes in [177–179, 181].

Figure 5.3. The cell wall of eukaryotes [180].

The microorganism’s envelope is the first obstacle on the way of biocidal agents.
Membrane damage is not necessary lethal to the microorganism, but it increases cells’
susceptibility to different stress factors and can lead to cell mutations or even to cell
death [177].

In this work four different microorganisms were used: Escherichia coli, Staphylococcus
aureus, Deinococcus radiodurans and Candida albicans. E. coli was used to determine
bactericidal pathways of PAW prepared with plasma jets. While, all mentioned mi-
croorganisms were used as an surface inoculum to determine plasma induced processes
in oregano essential oil.. Escherichia coli

E. coli is a typical gram-negative, rod shaped prokaryote. It was named after Teodor
Escherich as he was the first to isolate it from the feces of newborns and described it in
1885. E. coli colonizes the gastrointestinal tract of most warm-blooded animals within
few hours after their birth; for example, it colonizes human newborns within the first
40 hours. Some strains of this bacterium can cause severe infections resulting to illness,
e.g. diarrhea, respiratory illness, pneumonia, etc. E. coli strains are used as markers of
water contamination.

Escherichia coli is very adaptable to its common habitats, as it is able to transform
obtained glucose into all macromolecular components. Moreover, it can grow in presence
or absence of oxygen, as its metabolism can switch by means of aerobic and anaerobic
pathways. This bacteria is able to respond to changes of environmental conditions, e.g.
pH, temperature, osmolarity, presence of chemicals in solution, etc. Considering the
fact, that entire DNA base sequence of the E. coli genome has been read in 1997, it is
commonly used as a model organism for different biomedical applications [182].
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. Staphylococcus aureus

S. aureus is a gram-positive, spherical shaped bacterium. It does not move by itself
and can be found as a single cell, in pairs or in clusters, that resemble the bunch of
grapes and can form fairly large yellow colonies on rich medium. It was first described
and named by Rosenbach in 1884. This prokaryote is facultatively anaerobic, i.e. it
grows by aerobic respiration or by anaerobic fermentation. Unlike E. coli, it should
always be considered as a pathogen. Moreover, it is catalyze-positive, which means it
is capable to convert hydrogen peroxide to water and oxygen.

S. aureus colonizes about 30% of human population. It is responsible for food poi-
soning, skin infections, bacteremia and infective endocarditis [183].. Deinococcus radiodurans

D. radiodurans is gram-positive bacterium, although its envelope is unusual and
reminiscent the envelope of gram-negative prokaryotes. It is obligate aerobic, and it is
extremely resistive to ionizing radiation, UV light, oxidizing and electrophilic agents;
and was first discovered in 1956, as the only surviving bacteria on the ground meat after
treatment with high doses of radiation. Many researchers believe, that the reason, why
D. radiodurans can withstand an acute dose of radiation equal to 5 000 Gy is that it has
4–10 copies of all its genes in its any growth phase. D. radiodurans is not documented
to be a human pathogen [184].. Candida albicans

C. albicans is an eukaryote, that can be either in unicellular or multicellular form.
It gets the violet colour by the mean of gram staining like gram-positive bacteria. This
yeast is an opportunistic fungal pathogen and is responsible for candidiasis in human
hosts. However, it is found in 70% of the population in gastrointestinal and geni-
tourinary tract of humans and does not cause any harm for non-immunocompromised
individuals. Candida albicans is the second most described yeast after Sacharomice
cerevisiae and gained its popularity as a model organisms in middle 90s. It is easy to
maintain in laboratory conditions, its cells are dispersed and grow rapidly. C. albi-
cans as a typical eukaryote is widely used in in vivo experiments prior to investigations
performed on human cells [185].

5.1 Phases of bacterial culture growth
Plasma treatment is usually provided to inoculum that is not consisted of a single cell.
The growth of bacterial suspension (called bacterial culture) represents a process of
sequential division of the cells to form two identical daughter ones. If the cells are stored
in medium full of nutrients they can survive for several days or even weeks. The special
pattern, called growth curve, can be obtained by measuring bacteria concentration as a
function of time. The growth curve is typically characterized by five phases: lag-phase,
the delay in growth prior to log-phase; log-phase, when cell division proceeds in constant
rate; stationary phase, when bacteria decelerate their replication rate as the habitat
conditions stop to be favorable; death phase, when most of cells lose their viability; and
long-term stationary phase, that can last for several weeks [186] (see figure 5.4).

When bacteria are placed to the new medium full of nutrients, the lag-phase is
observed. The delay of bacteria replicating in the lag-phase can be attributed to the
bacterial metabolism adaptation to new habitat conditions. This process can include
synthesis of intracellular components, which are necessary for growth; or repairs of
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Figure 5.4. Growth curve of bacterial culture: 1 — lag phase, 2 — log or exponential
phase, 3 — stationary phase, 4 — death phase, 5 — long-term stationary phase [187].

macromolecular damage accumulated during stationary phase occurred prior to bacteria
inoculation into new medium [188]. Bacteria in lag-phase are usually not used in
experiments objected to investigate bacterial damage pathways.

Once bacterial metabolism is adapted to new environment, cells start dividing in a
constant rate. This rate depends directly on the nutrients in the medium. It is common
to use bacterial culture in log-phase for experimental procedures, as metabolism of all
bacteria in the culture is synchronized. Moreover, bacteria in this phase are more
resistant to any kind of treatment and obtained results can be extrapolated to other
phases.

Once nutrients in the medium are exhausted, bacteria replication rate decreases. The
culture enters the stationary growth phase, which is characterized by the equilibrium
between the numbers of dividing and dying cells. After some time bacteria start to
suffer starvation. Moreover the toxic products of their metabolism accumulate in the
medium which leads to decline of the number of viable cells. Stationary phase does not
start with starvation; however, bacteria lose their viability that can correspond with
mutations, changes in metabolic activity and another degradation.

The death phase starts when the number of replicating cells decrease below the
number of dying cells. In this phase bacteria in the culture are not resistive to stress
factors and are not usually used for biomedical experiments.

The final phase of bacterial culture is the long-term stationary phase, which can last
for many days or even months. Dead cells release nutritions into the bacterial culture
and survivors can use them to replicate. However, increasing of the replication rate
above the dying rate leads to lack of nutrients in the medium and a need for more cells
to die. The process is periodical and is called the growth advantage of the stationary
phase phenotype. It can be explained by mutations in survivors that lead to their
ability to reuse nutritions released from dead cells [187].

5.2 Oxidative stress
The imbalance between the ROS production and antioxidant defense of the microor-
ganism is defined as an oxidative stress. It is not necessarily lethal to bacteria, but it
decreases their viability, activity and culturability [189]. Species that induce oxidative
stress are, for instance, hydroxyl radical (OH•), superoxide (O−•

2 ), nitric oxide (NO•),
or peroxynitrite (ONOO−). Each of mentioned molecule has different half-life and re-
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activity, but generally they can be involved in processes leading to a chain reactions
producing new reactive species. All biological macromolecules (lipids, proteins, nucleic
acid etc.) are possible targets for this process (see figure 5.5). Physiologically reactive
oxygen species are produced inside the cell as the result of aerobic respiration [190].
ROS production at physiological level during the cell lifetime does not necessary lead
to oxidative stress, as the cell has various of protective mechanisms, which produce
antioxidants and can terminate oxidative reactions. However, once ROS production
elevates over physiological level bacteria protective mechanisms fail to prevent lethal
damages.

High concentration of ROS

(OH·, H2O2, NO·, ONOO–, O2
·, …)

Lipids Proteins DNA

• Chain breakage 

• Increase of membrane 

permeability and 

fluidity

• Chain reaction of 

reactive species 

generation

• Deoxyribose oxidation

• Stand breakage

• Removal of nucleotides

• Modification of bases

• DNA-protein crosslinks

• Site-specific amino acids 

modification

• Fragmentation of the peptide chain

• Aggregation of cross-linked reaction 

products

• Altered electric charge

• Enzyme inactivation

• Increased susceptibility od proteins 

to proteolysis

Oxidative stress

Figure 5.5. Diagram of oxidative stress induced by ROS in high concentrations to lipids,
proteins and DNA [191].

5.2.1 Lipid peroxidation as a result of oxidative stress
The strongest oxidant among those mentioned above is hydroxyl radical (OH•). It has a
high oxidizing power (E0 = 2.85 V), it is water-soluble with half-life close to 200 µs [32].
It is produced in the cell through metabolic reduction of molecular oxygen or under
various stress conditions; additionally, it is the major ROS found in electrical discharges
in gas-liquid interface. Hydroxyl radical unspecifically attacks macromolecules, and it
is involved in a lipid peroxidation process [192]. By the means of oxidative damage,
the lipid peroxidation is considered to be the dominant molecular mechanism, that
contributes to membrane disruption caused by oxidative stress [193].

Lipid peroxidation is a chain reaction leading to changes in lipid conformation and
decline in their functions (see figure 5.6). The hydroxyl radical reacts with fatty acids
of cell membrane; notably with polyunsaturated fatty acids (PUFAs), which are sus-
ceptible to autooxidation. OH• contacting PUFA detaches one hydrogen atom from
the carbon-carbon double bond in order to form a molecule of water changing PUFA
into a radical.

Lipid radical (R•) is unstable and reacts with molecular oxygen to form the peroxyl
radical (ROO•), which is also unstable and reactive. ROO• is capable of abstracting
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a hydrogen atom from another PUFA forming organic hydroperoxide (ROOH). Lipid
hydroperoxide is the first comparatively stable product of the lipid peroxidation [192].
However, in contact with transition metals, e.g. iron or copper, a reductive cleavage
of endogenous lipid hydroperoxides (ROOH) of membrane phospholipids to the corre-
sponding alkoxyl (RO•) or peroxyl (ROO•) radicals can be performed [193–194].

Fe2+ + ROOH→ RO• + OH− + Fe3+ (5.1)

Fe3+ + ROOH→ ROO• + H+ + Fe2+ (5.2)

Cu+ + ROOH→ RO• + OH− + Cu2+ (5.3)

Cu2+ + ROOH→ ROO• + H+ + Cu+ (5.4)

Figure 5.6. Process of lipid peroxidation intermediated with hydroxyl radical. Step 1:
hydroxyl radical reacts with PUFA and carries hydrogen out of double bond; step 2: lipid
radical reacts with molecular oxygen to form peroxyl radical; step 3. lipid peroxyl radical
carries hydrogen out of double bond of another PUFA and form lipid hydroperoxide; step
4: to terminate the process antioxidants donate hydrogen ion. And finally step 5: up to
32 aldehydes can be produced as a result of PUFAs decomposition, one of them is MDA.

The image was adapted from [195].
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Moreover, lipid peroxidation can be intermediated either with RNS produced by
plasma or with nitric oxide metabolism of bacteria [196]. In both cases the molecule
involved in the process is ONOO•. Mechanisms of its generation induced by plasma in
liquid or gas-liquid interface were explained previously. Production of hydroxyl radicals
from the peroxynitrite is pH dependent and follows the reaction:

ONOO• + H+ → ONOOH→ HO• + NO2 (5.5)

Decomposition of PUFAs lead to aldehydes production. About 32 different aldehydes
were identified. These aldehydes are highly stable comparing to free radicals and are
able to diffuse through the membrane out of the cell. Quantitatively there are two
most important aldehydes: 4-hydroxynonenal (HNE) and malonyldialdehyde (MDA).
Physiological level of them is low, hence increase of their concentration in extracellular
environment is a signal of some pathological processes. Common method to evaluate
lipid peroxidation is based on reaction of MDA with thiobarbituric acid and is explained
further in the section 6.2.4. Additionally, HNE is able to modulate gene expression,
cell prolifiration, differentiation and cell apoptosis [197–202], while MDA contributes
to DNA damage and bacteria mutations, stand breakage and cell death [203–205].

5.2.2 Transition metal catalytic ROS production
Plasma device electrodes are usually made of heavy metals, i.g. copper or brass, stain-
less steel, titanium and others. Considering electrode erosion caused by plasma, re-
ported by various of authors [206, 145, 81, 207], metal ions are released into PAW. In
contact with bacteria metal can induce additional bactericidal effect, e.g. oxidative
stress, changes in proteins, etc. [208].

The catalytic effect of transition metals improving biocidal properties of PAW was
first reported by Sharma et al. [209]. They used corona discharge to induce plas-
machemical reaction in liquid and discovered hydroxyl radical generation via Fenton
process catalyzed with iron ions (eq. (5.6)).

Fe2+ + H2O2 → Fe3+ + OH− + OH• (5.6)

Since that time a lot of papers have been published on this topic and they have been
summarized for example in [32]. The Fenton’s process is well known and it can involve
different transition metals, e.g. copper or iron. Using M as a symbol for metal the
reactions can be written as follows:

M(n) + O•
2 → M(n−1) + O2 (5.7)

M(n−1) + H2O2 → M(n)+ + HO• + HO− (5.8)

Hydroxyl radical produced by these reactions induces oxidative stress to microor-
ganisms. There are reports suggesting that oxidation of phospholipids depend on the
transition metal concentration in liquid and on the transition metal itself (see figure
5.7) [210, 193].

5.3 Bacteria damage induced by transition metals
Nevertheless, metal ions released from the electrode can be toxic to bacteria. For
example copper is known to induce bacteria damage even in small concentrations below
10 µmolł.
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Figure 5.7. Oxidation of phospholipids as a function of transition metals concentration.
Each transition metal was used separately. Image was adapted using data reported in

[193].

. Copper’s toxicity

Copper is an essential metal for most of living microorganisms and physiologically
they creates a single copper ion during the lifetime. On the other hand copper becomes
toxic once organism is overloaded. Copper catalyze movement of electrons within bio-
logical molecules, and due to its high redox potential it serves as a cofactor for proteins
in various biological pathways, e.g. respiration or iron metabolism [211, 208]. Microor-
ganisms are highly sensitive to copper impact as they cannot control its concentration
in extracellular environment.

The exact mechanism of copper toxicity was long ascribed mainly to the reaction
of copper with hydrogen peroxide produced by the cell. Hydroxyl radicals produced
by the reaction analog to the Fenton one induce DNA damage, which can cause both
mutagenity and lethality [212].

Copper is toxic even in small doses under physiological conditions; however, the
minimal inhibitory concentration of this metal in complex medium is in range of mmol/l
[213]. In the doses of 10 µmol/l and lower copper causes a branched-chain amino acid
auxotrophy, that leads to malfunction of a particular cell signaling process. Moreover,
free copper ions are involved in the Fenton-like reaction with production of the reactive
oxygen species, that can further induce damage in signaling pathways of the cell [214].. Iron

Iron is a fundamental element of bacteria metabolism and is involved for instance in
bacteria growth pathways. Toxicity of iron is caused by its interactions with reactive
oxygen species [215]. Hence, it is extremely important for bacteria to establish iron
supplies and, at the same time, ensure the intracellular iron is maintained in a safe,
non-toxic form. Iron-sulfur clusters have been recognized as essential and versatile
cofactors of proteins involved in catalysis, electron transfer and sensing of ambient
conditions [216]. The physiological level of free iron ions in the cell are in trace amount;
however, under stress conditions ions can be released for instance from damaged iron-
sulfur clusters.

Iron is a major protagonist in redox stress in bacteria; moreover, it activates fur
gene, which is responsible for iron homeostasis, which rises bacteria sensitivity to the
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oxidative stress, as a result of increased concentration of free iron in the cell. This
effect can be reversed by iron chelation, by blocking iron uptake or by increasing of iron
storage capacity [217]. Mentioned reactions are activated with a trace amount of free
iron ions. An amount of iron released to bacterial suspension through electrode erosion
can be in range of mmol/l, hence iron toxicity induced by ROS should be considered
as a main pathway. The key reactions which lead to ROS production are Fenton (5.9),
(5.6) and Habber-Weiss (5.11) ones [32].

O−•
2 + Fe3+ → Fe2+ + O2 (5.9)

Fe2+ + H2O2 → Fe3+ + OH− + OH• (5.10)

O−•
2 + H2O2

Fe catalysis←→ OH• + OH− + O2 (5.11)

. Titanium

Titanium is recognized for its extremely low toxicity to microorganisms and human
cells [218]. Bactericidal effect of titanium has been studied for long time and in early 90th

there were rather contradicting results: several studies reported no bactericidal effect
[219–220], while others reported small but significant antibacterial properties [221–222].
However, further investigations claimed titanium to have significantly smaller bacteri-
cidal impact in comparison with other metals, commonly used in medicine and plasma
science (i.e. copper, iron) [218]. Moreover, with respect to physical properties of tita-
nium, release of titanium ions from high voltage electrodes in discharges is rather low
and its concentration in media does not exceed inhibitory limits.

On the other hand titanium oxides, particularly titanium dioxide, is known to be
toxic to bacteria. Bactericidal properties of TiO2 corresponds with its photocatalytical
activity induced by UV light. Significant increase of bactericidal properties of plasma
treated aqueous medium with addition of titanium dioxide powder has been reported
[223–225]. However, release of photocatalytically active TiO2 as well as its generation
in medium through the plasmachemical reactions has not been documented yet.

5.4 DNA damage induced by oxidative stress
Reactive species produced by or induced into bacteria affect all compounds of bacterial
cytoplasm. Moreover, reactive species are known to be a major source of DNA damage
[226]. DNA is a molecule of unique importance as it is a repository of genetic infor-
mation of the cell. Hence, modification of the DNA can result to malfunctioning or
complete inactivation of encoded proteins. Generally speaking, ROS induce oxidation
of deoxyribose, nucleotides removal, strand breakage, variety of modifications in DNA-
protein crosslinks and organic bases of nucleotides. Additionally, changes in nucleotides
of one strand can lead to nucleotides mismatch in another one and result in subsequent
mutations [227].

The most reactive, but extremely short-lived ROS is hydroxyl radical, which is the
main trigger of DNA damage discussed above. OH• cannot be inducted inside bacteria
cytoplasm directly from plasma; however, there are mechanisms of its generation based
on hydrogen peroxide reactions. H2O2 is known to be produced in relatively large
amount in PAW. Once it reaches the nucleus, chromatin-bound iron catalysis the Fenton
reaction (eq. (5.6)) with production of hydroxyl radical. OH• attacks DNA and DNA
associated proteins and creates protein crosslinks, which cannot be repaired and may
be lethal [228, 202, 229].
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Bacteria and eukaryotes manage enzymes with relative specificity towards ROS in-

duced DNA lesions, which remove modified bases from the DNA sequence and cleave
the phosphodiester bond next to the position of the absent base [229–230]; however,
mutagenic changes defense mechanism can potentially lead to the cell termination to
prevent its replication.

5.5 VBNC state as a response to stress
As it has been discussed above, plasma agents stress bacteria. If the stress is not strong
enough to cause irreversible changes to bacteria integrity or their vital functions, they
can enter the viable but nonculturable (VBNC) state. This state was first described
by Xu et al. [231] as a state, when bacteria fail to grow on routine medium. Bacteria
in VBNC state show very low metabolic activity, but they can be regrown once stress
factors are eliminated.

Bacteria enter VBNC state as a response to some significant stress factors, e.g. star-
vation, high or low temperature, oxidative stress or exposition to intense light. Low
concentration or intensity are sufficient to induce the state. For instance, copper was as-
sumed to cause E. coli switch from viable to VBNC state at concentration of 10 µmol/l,
that is 1000 times lower, than minimal concentration to cause lethal bacteria damage
[232, 214].

During this state bacteria experience reduction of respiration rate, nutrition trans-
port, and macromolecular synthesis. However, their metabolism does not stop com-
pletely, and as a result the starvation and shock proteins are formed [233]. VBNC state
is considered to be one of long-term survival strategy used mainly by gram-negative
bacteria. Factors, which force bacteria to enter the state are not completely under-
stood, as VBNC can be confused with various bacterial sensitivity states, which are
characterized by decline of bacteria viability [234].

There are two possible strategies how to detect bacteria in VBNC state. The first one
is complete elimination of stress factors, that should support bacteria to increase their
viability, and bacteria regrowth on the routine medium. An the second way is gather-
ing of indirect evidence of VBNC bacteria metabolic activity through e.g. resazurin,
LIVE/DEAD or other viability assays applied simultaneously with conventional culti-
vation method (methods are described in section 6).

5.6 Bacterial damage induced by organic compounds
Plants are capable of synthesizing two kinds of oils: fixed oils and essential oils. Fixed
oils consists of esters of glycerol and fatty acids, while essential oils (EOs) are mixtures
of volatile, organic compounds originating from a single botanical source, and contribute
to the flavor and fragrance of a plant. They have been known for centuries for their
antiseptic i.e. bactericidal, fungicidal and medicinal properties. Essential oils can be
obtained for example by hydro-distillation, and were used since the Middle Ages as
local anesthetic, antiseptics, analgesic, sedative, etc.

Most of EOs are liquid, limpid and rarely coloured. For example, oregano essential
oil (OEO) obtained from Oregano vulgare that was used in this study has light yellow
colour and characteristic strong odor; however, one cannot recognize the OEO by the
colour, as, for example, Lemon grass EO has the same one. EOs are lipid soluble
and soluble in organic solvents with a general lower density than that of water, e.g.
chloroform or benzene [235]. Gas chromatography and mass spectrometry analysis is
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usually used to describe a chemotype of the particular EO. Results of general studies
are published in analytical monography [236].

Essential oils usually contain about 20–60 different components, that makes them
to be recognized as really complex natural mixtures. However, concentration of com-
pounds in this mixture varies: from 20–70% for 2 major components, to trace amounts
for others. The components include two major groups of distinct biosynthesized origins:
terpenes and terpenoids, and aromatic compounds, which are all characterized by low
molecular weight. For example Oreganum compactum essential oil’s major components
are carvaclol (30%) and thymol (27%), both belongs to a group of terpenes and are phe-
nols (see figure 5.8). Generally, these major components determine biological effects of
EOs.

5.6.1 Biological effects of essential oils
EOs are reported not to have specific cellular target because of large number of con-
stituents [237], hence affect multiple target in the cell. EOs are reported to affect
multiple target in the cell as their action is not specific, nevertheless their primary tar-
get is a cytoplasmic membrane [237]. In contact with bacteria cell wall EOs due to their
lipophilicity are able to pass through bacteria membrane disrupting the structure of its
layers. Moreover, EOs’ induced permeabilization of membrane is associated with loss
of ions and as a result reduction of membrane potential, collapse of the proton pump
and depletion of the ATP pool. Membrane permeabilization can be lethal to bacte-
ria and may lead to lysis and cell death [238–243]. Moreover, EOs provoke damage
of mitochondrial membrane in eukaryotic cells by affecting Ca2+ cycling or decreasing
membrane potential, which results in rapid increase of membrane fluidity and leakage
of radicals, calcium ions and proteins [244]. Effects are similar to those of oxidative
stress mentioned in previous chapter.

Cytotoxic effects were observed in vitro in most of pathogenic gram-positive and
gram-negative bacteria, and several fungi stains. Results were obtained by agar diffu-
sion1) method using filter paper disc with EO [242–243, 247–250], or the fast screening
method using four-sections Petri dish and filter paper [251]. Most of essential oils have
been reported to be cytotoxic, but at the same time they are not generally mutagenic.
However, several authors reported possible mutagenic effects of Origanum compactum
in eukaryotes [252–253].

On the other hand, essential oils and their components are reported to have anti-
mutagenic effects. EOs are assumed to prevent mutagens penetration into the cell
through its cell wall, or to inactivate mutagens by direct scavenging. Additionally, EOs
act like antioxidant by capturing reactive species and radicals produced by mutagen, or
induce activation of antioxidants enzymes in the cell. Another reported mechanism is
induction of necrosis or apoptosis of the cell with mutated or damaged DNA [253–254].
Namely thymol and carvaclol, the main components of oregano essential oil, are reported
to act as strong antioxidants [249, 255].

Imminent contact of essential oil is needed to provoke bacteria inactivation process.
According to their high volatility maximal efficiency of surface decontamination can be
reached by oils vaporization [251, 256].. Oregano essential oil

1) Agar diffusion method is a common method in microbiology first reported in 1940. The filter paper discs
containing test compound are placed on the inoculated agar plate. Antibacterial effect of the chemical
compound diffused from filter paper to the agar is evaluated after incubation [245–246].
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Oregano is a member of the mint (Lamiaceae or Labiatae) family and is related to

thyme and marjoram. Flavors of oregano (Origanum vulgare) and marjoram (Orig-
anum majorana) are different, oregano is peppery and zesty, while marjoram is sweeter
and more delicate. In this work the author used oregano, as the marjoram does not
contain the key ingredient carvaclol, which gives oregano its bactericidal, fungicidal,
anti-mutagenic and antioxidant properties.

Oregano is a hardly perennial herb (it prefers colder climates) that grows to about
75 cm tall and wide in the best conditions to harvest. Quality and properties of the
essential oil produces from the herb depends on the place of growing, time of harvesting
and general environment conditions.

Figure 5.8. Origanum vulgare L and its major phenolic components thymol and carvaclol.

Major conmponents of Origanum vulgare are thymol and carvaclol (see figure 5.8).
For Origanum vulrage L used in to provide experiments presented further in the thesis
with 90% of carvaclol as a main component.. Carvaclol

Carvaclol is phenol, which can be found in number of plants, including thyme and
wild bergamot, but it is most abundant in Origanum vulgare. This chemical is known for
its antibacterial and antifungi properties, acting as antioxidant, anti-mutagenic agent
[257–259]; talking about humans and human cells, it is known for killing cancer cells
[260–262], normalize lipid levels and fight against skin redness and swelling after injec-
tions [263]; talking about food contamination and cleaning, carvaclol is as effective as
chlorine, that is used to clean for instance grapes tomatoes [264].. Thymol

Thymol is phenol as well, it has antimicrobial activity due to phenolic structure, and
has similar properties as carvaclol [265]. Due to its antiseptic activity, thymol is used as
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major antimicrobial agent in toothpaste [266] or it is used as rapidly degradated non-
persisting pesticide [267]. Additionally, using thymol and carvaclol at the same time
induce synergistic effect of these to chemicals and increase their affect in reduction of
bacterial resistance to common drugs like pencilin [268].
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Chapter 6
Methods

6.1 Basic chemical analysis
Colorimetry methods were used to determine the concentration of hydrogen peroxide
and nitric oxide in plasma activated water. Absorption spectroscopy was used to make
pretest of nitrate concentration in solutions. Precise measurements of nitrates were
then performed using ion chromatography by Dr. Peter Lukeš; the FTIR GAR and
ATR spectra of essential oils were provided by Dr. Pavla Štenclová.

6.1.1 Griess reagent assay
Nitrite and nitrate ions are one of the main reactive species produced by plasma in liq-
uid medium, therefore concentration of NO−

2 and NO−
3 is one of the parameters used to

describe the PAW. Concentration of NO−
2 was measured colorimetrically using Griess

reagent essay. It is a sensitive method first published by Griess in 1879 in German
language [269]. The original reactions was modified and improved through the years.
The essential part of the method is a diazotization reaction of two chemicals SA (Sul-
fanilamide or Sulfanil acid, depends on the kit) and NED (N-1-napthylethylenediamine
dihydrochloride). SA and NED under acidic (8% phosphoric acid) conditions form a
colorless complex called Griess reagent (see Figure 6.1), which becomes purple/magenta
immediately in contact with nitrites with the maximum of absorbency at 540 nm. The
colour reaches its maximum approximately 15 minutes after contact with nitrites.

Figure 6.1. Chemical reaction involved in Griess reagent assay designed to provide the
measurement of NO−

2 concentration [270].

We prepared the reagent by mixing 8% phosphoric acid with SA or NED; NaOH was
added to decrease acidity and reach resulting pH value of 1.9 Griess reagent mixed with a
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sample. Griess reagent was kept in the refrigerator at 4 ◦C to assure its stability in time,
nevertheless it was not stored for more than 2 months, as its sensitivity decreases in
time. Prepared Griess reagent was mixed with a sample in 1:2 ratio. Purpled substance
was then placed into 96-well microtiter plate (330 µl for the well, 3 wells per 1 sample)
and the absorbency at 540 nm was measured by the plate reader (VarioscanTM Flash).
The absorbance was measured three times.

Eleven points standard curve (see Figure 6.2) was made separately for each exper-
imental day. Detection limits of the method are 1 µmol/l and 200 µmol/l, as the
standard curve above the mentioned value is not linear. The standard was prepared by
diluting NaNO2 in water.

Figure 6.2. Example of the standard curve to measure concentration of NO2− by Griess
reagent.

6.1.2 Detection of hydrogen peroxide
The procedure of H2O2 concentration quantification in solutions was first presented by
Eisenberg in 1943 [271]. It is based on reaction of titanil ions with hydrogen perox-
ide which results to pertitanic acid production (see (6.1)). Producted acid has yellow
colour with maximum absorbance at 407 nm. The yellow-coloured complexes are sta-
ble for at least 6 hours of storage in lowered temperature. Intensity of colour is pro-
portional to concentration of hydrogen peroxide with a molar extinction coefficient of
ε = 689 l mol−1cm−1. This reaction is specific for H2O2, and if one uses the modified
procedure published by Satterfield and Bonnell [272], no interference with other species
occurs. The essential difference of the modified method is that the tested solution is
diluted in acid instead of water.

Ti4+ + H2O2 + 2H2O→ H2TiO4 + 4H+. (6.1)

Plasma activated water consists of nitrites that lead to hydrogen peroxide decompo-
sition via reaction (6.2). That is the reason why the samples were fixed immediately
with sodium azide in ratio 1:4 (sodium azide-to-sample) to reduce nitrites to sodium
molecules via reaction (6.3) [1].

NO−
2 + H2O2 + H+ → NO−

3 + H2O + H+ (6.2)

3N−
3 + NO−

2 + 4H+ → 5N2 + 2H2O (6.3).
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The titanil reagent was then added to fixed sample and the result ratio of sample-

to-sodium azide-to-reagent was 4:1:2. Prepared solution was then placed into 50 mm
wide cuvette and absorbency was measured with a UNICAM Helios spectrometer.

The method is highly sensitive with the detection limit at 1 µmol/l.

6.2 Bacteria analysis
PAW induced damage to bacteria was evaluated using different tests: cheap and easy
cultivation test and drop test performed on the solidified growth medium; expensive
but easy Resazurin Viability Assay (RVA), LIVE/DEAD BacLightTM Viability Assay
(L/D), and DNA leakage assay; and finally time- and material-consuming TBARS assay
and RT-qPCR.

6.2.1 Conventional cultivation test
Cultivation method allows to estimate a number of viable and cultivable bacteria by
direct cultivating on the agar surface. The tested sample was prepared in ten-fold
dilutions. Samples were diluted in sterile physiological solution. Thereafter, 1 ml
of bacterial suspension with supposed concentration of 103, 102and101 CFU/ml were
transferred onto agar surface (solidified in �9 cm Petri dish). The sample was left in
the flow box to dry completely and was incubated overnight in the thermostat set to
37 ◦C. After overnight cultivation a number of colony forming units was calculated.
Cultivation test were always done at least in triplicate.

Bacteria load of less then 5 CFU/ml and over 500 CFU/ml was considered as not
relevant and were not taken into account in the experiments1).

Three different growth medium were used, however all of them were prepared in a
similar way. Particular amount (m) of agar powder was suspended in 1 l of DI water
and was heat to boiling to dissolve the medium completely. Dissolved medium was
autoclaved at 121 ◦C for 15 minutes, cooled to approx. 60 ◦C and poured to sterile
Petri dishes. All agar powders were purchased from OXOID CZ s.r.o.. Sabouraud Dextrose Agar (m = 65 g) was used to cultivate Candida albicans; it

is commonly used to cultivate fungi.. Mueller Hinton Agar (m = 36.5 g) was used to cultivate all used bacteria stains;
it is a non-selective, non-differential medium and is commonly used for antibiotic
susceptibility test.. m-FC Agar (m = 52 g) was used as a selective medium to cultivate Escherichia
coli. Agar powder was suspended in purified water containing 10 ml of 1% Rosolic
Acid in 0.2 N NaOH. According to preparation protocol it cannot be autoclaved,
hence sterility was assured by 60 minutes for boiling.

6.2.2 Drop test assay
The drop test is a fast screening method to estimate the bacteria inactivation rate.
This test is used in hundreds laboratories worldwide, but each laboratory has slightly
different test protocol. Test used in this thesis was adapted from[274].

Figure 6.3 summarize the 4× 6 drop test procedure. Briefly, 180 µl of sterile physi-
ological solution (9 g of NaCl diluted in 1 l of water) was loaded to each well of sterile

1) Bacteria load < 5 CFU/ml corresponds to pipette error and > 500 CFU/ml is not relevant due to
possible overlaying of bacteria [273]
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96-well microtiter plate with multichannel pipette. 20 µl of the sample was then loaded
to first 4 wells in a column as the primary dilution. Then 5 more dilutions were done
by transferring of 20 µl of the sample from column i to column (i+ 1) mixing 6 times.
Afterwards the process was repeated. Thereafter, 4 replicates of 1 µl of the sample from
each well were transferred to the 9 cm Petri dish with dry, but fresh agar. Different
types of agar were used in different experiments (for particular type check correspond-
ing sections in experimental part). Plates with loaded samples were allowed to dry and
placed into the incubator set for 37 ◦C for overnight cultivation.

Relative decrease of survived bacteria number was estimated in comparison with
untreated (control) sample. Conventional cultivation test (described in Section 6.2.1)
was done as a reference for the control sample to investigate precise amount of CFU/ml.

Figure 6.3. The 4 × 6 drop test method. Six 10-fold serial dilutions are made in 96-well
sterile microtiter plate by loading 20 µl of the sample to 180 µl of physiological solution.
1 µl drop was then loaded with miltichannel pippete onto dry agar surface and incubated

overnight. The photo on the right depicts E. coli load on selective m-FC agar.

6.2.3 Resazurin viability assay
Resazurin viability assay is relatively new, quick and sensitive method of detection
cell viability, while cells used in the assay can be reused [275]. The test with slightly
different protocol have been used for decades to investigate milk contamination with
bacteria and yeasts [276].

Resazurin is non-toxic, blue-coloured, nonfluorescent, water soluble dye. In contact
with viable bacteria it is reduced to highly fluorescent pink-coloured resorufin (see Fig-
ure 6.4). Fluorescence is proportional to a number of bacteria in the sample. Although,
with longer time in bacterial suspension resorufin degrades to colourless nonfluorescent
hydroresorufin which is responsible for decrease in a measured signal.

Figure 6.4. Irreversible conversion of non-fluorescent purple-colored resazurin to highly
fluorescent pink-colored resorufin.
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Figure 6.5. An example of preparation of standard curve with the resazurin viability
assay: fluorescent signal measured each 60 minutes for 24 hours (top) and a corresponding

standard curve (bottom).

Resazurin is reduced to resorufin by the loss of an oxygen atom loosely bound to
the nitrogen of the phenoxazine nucleus. This reaction is irreversible by atmospheric
oxygen. But the second stage of the reaction when resorufin is converted to nonfluo-
rescent dye is reversible. This fact makes decrease of fluorescent signal small enough to
be neglected [277]. Resazurin is very stable medium in absence of cells, but is rapidly
reduced inside cell culture. Sensitivity of the method is about 80 cells in a sample, that
leads to necessity of sterile atmosphere to prevent contamination.

Assay protocol is as follows: Firstly 100 µl of phosphate buffered saline (PBS) was
mixed with the same amount of Luria-Bertani (LB) broth1) in each well of 96-well white
microtiter plate. Maximal sterility is necessary due to extreme sensitivity of the test.
The plate was sterilized by washing with isopropyl alcohol and subsequent irradiating
with UV for 4 h prior to load. Loading was then performed in aseptic conditions.
60 µl of a bacterial suspension was then added to the wells. Each sample was loaded
in triplicate. And lastly 30µl of resazurin indicator solution was added to each loaded
well and mixed 10 times. Thereafter the plate was placed to the VarioscanTMFlash
plate reader and fluorescence was read each 60 minutes for 24 hours. Fluorescence was
measured at wavelength of 530 nm excitation and 590 nm emission. 8 point standard

1) Luria-Bertani broth contains of 10 g of Peptone 140, 5 g of yeast extract and 10 g of NaCl dilluted in
1 liter of DI water
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curve was done for each single plate (measured signals and standard curve are shown
in figure 6.5).

Bacteria reduction was then calculated in four simple steps: (i) the reference value
of fluorescence (f) was identify as the middle of growth phase for control samples; (ii)
the time tf when f was reached was read from the graph; (iii) standard curve was done
as a dependency of tf on corresponding bacteria concentration in control sample; (iv)
time when fluorescence for treated sample reached f was then recalculated using the
standard curve.

6.2.4 LIVE/DEAD BacLightTM viability assay
LIVE/DEAD BacLightTM viability assay is based on nucleic acid staining by two com-
pounds SYTO9 and propidium iodide (PI). SYTO9 molecule is small enough to pass
through membrane of healthy cells. It stains all cells to fluorescent green by linking
their DNA. PI molecule is larger and is able to pass only through porous cytoplasmic
membrane [278]. PI displaces SYTO9 in stained DNA and generates red fluorescent
signal to mark damaged cells. Although it seems correct to expect membrane-damaged
bacterial cells to be considered dead [279], those with undamaged membrane should not
be necessarily culturable [280]. There are some intermediate states discoverable with
LIVE/DEAD viability assay by different research groups without application of other
viability tests [281–282].

The protocol used in this thesis is as follows. 3 µl of SYTO9 dye and 3 µl of PI were
added to 1 ml of DI water and mixed together just before the experiment. Then 100 µl
of purple-coloured and highly light sensitive resulting solution was added to 100 µl of
bacterial sample loaded in 96-well sterile microtiter plate. All samples were done in
duplicates. Loaded plate was incubated for 15 minutes at room temperature inside
a lightproof box. Fluorescence intensity was measured at 530 (“green”) and 630 nm
(“red”) for centered excitation wavelength of 485 nm. The ratio of live to dead cells
was calculated using equation

L/D = Fg

Fr
, (6.4)

where L/D is a ratio of Live to Dead bacteria, Fg and Fr is fluorescence measured
for 530 and 630 nm respectively.

Considering a short beam path the optimal amount of bacteria to obtain strong flu-
orescent signal is 107 CFU/ml. Two points standard curve was measured for each plate
separately. Dead bacteria for standard curve were prepared using 50 µl of isopropanol
added to 200 µl of bacteria suspension.

6.2.5 Thiobarbituric acid reactive substances assay
One of possible type of damage induced on membrane with oxidative stress is lipid
peroxidation. One of approximatelly 32 different aldehydes appears in the bacterial
solution as a result of lipid peroxidation process is malondialdehyde (MDA). It can be
assayed with thiobarbituric acid (TBA) test [283]. The assay is based on the reaction
of MDA with 2 molecules of TBA yielding a chromophore with absorbance maximum
at 532 nm, as shown in figure 6.6.

The assay used in this study was adopted by Dolezalova et al. [3] from the method
published by Slater and Sawyer in 1971 [285]. 20% (w/v1)) trichloroacetic acid was
mixed with the sample in the ratio 1:1 and was cooled down to −20 ◦C for 20 minutes.
1) mass to volume ratio
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Figure 6.6. Reaction between 2-TBA and MDA under acidic conditions [284].

Then the sample was liquefied at the room temperature and centrifuged. 250 µl of
supernatant was mixed with 600 µl of 0.6% (w/v) TBA and heated to 100 ◦C for
30 minutes. Afterwards sample was cooled down to room temperature and loaded to
the sterile microtiter plate. Absorbency at 532 nm was measured with the microplate
reader. The background absorbency at 600 nm was measured in advance and was
subtracted:

c(MDA) = (A532 −A600) · 9156 lmol−1cm−1 (6.5)
Hydrogen peroxide in the solution interferes with MDA-TBA complex; nevertheless

concentration of H2O2 lower then 1.5 mmol/l does not significantly change resulting
fluorescent signal [286]. Maximal measured c(H2O2) in PAW was 50 µmol/l and its
possible interference was neglected.

6.2.6 DNA isolation protocol
DNA leaked from cells as a result of thermal lysis was analyzed using microplate reader.
Protocol of cell lysis was as folows: 1.5 ml of the sample was centrifuged for 10 min
at 10 000 rpm. Cells were resuspended in 1 ml of normal saline solution and were
centrifuged again for 10 minutes at 10 000 rpm. Washed cells were resuspended in
300 µl of DNA/RNA free water and thermally lysed for 20 min at 90 ◦C. Suspension was
then cooled on ice for 3 minutes, vortexed and centrifuged for 3 minutes at 10 000 rpm.
Afterwards, 150 µl of the sample was loaded to UV transparent microtiter plate and the
absorbency at wavelengths from 210 to 410 nm was scanned with VarioscanTMFlash.
All samples were loaded at least in triplicate to minimize errors. Measured spectras
of treated and untreated samples were then compared. Absorbency peak at 260 nm
corresponds to DNA and at 280 nm to proteins in the supernatant [3].

6.2.7 Quantitative analysis of DNA changes
Plasma activated aqueous media prepared with plasma sources operated in oxygen
and/or nitrogen containing gas mixtures are known to induce changes in DNA. These
changes can be detected using the most common technique — polymerase chain reaction
(PCR).

PCR is a technique, which serves as a foundation of nearly all genetic tests. It is
based on amplifying of a target DNA fragment, which is doubled in each of 20–40 cycles
of PCR. The discovery of PCR is credited to Dr. Kary Mullis, who was awarded the
Noble Prize in chemistry in 1993 for recognition and improvements of the procedure,
that had been discovered earlier [287–288]. Despite remarkable importance of PCR in
macromolecular biology it is a relatively simple method, and it is based on three steps
cycle of subsequent heating and cooling to facilitate DNA replication by enzymatic
reaction. Each thermal cycle leads to doubling of target fragment amount as it is
shown in figure 6.7.
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The initialization step is needed prior to three-stepped thermal cycling. This step
includes reaction through heating it to 94–96 ◦C for 2–10 minutes and activates DNA
polymerase and reagents, as well as denaturates other possible contaminants. Initial-
ization phase is followed by the three stepped thermal cycle consisting, namely denat-
uration, annealing and extension.

During denaturation step, when reaction1) is heated to 94–98 ◦C for 20–30 seconds,
DNA is melted by breaking hydrogen bonds between the strands. This process leads
to melting of double strand DNA to two complementary single strand ones.

In fact, each primer2) is a complementary oligonucleotide3) to a specific limiting
sequence of the amplified DNA fragment to catalyze DNA polymerase replication. In
the annealing step primers anneal to the single-stranded DNA template. The reaction
typically lasts for 20–40 seconds and its temperature is typically lowered to 50–65 ◦ C.
The optimal temperature of the annealing is 3–5 ◦C below the primer melting one.
Right temperature is extremely important, as if it was too high, the primer would not
anneal efficiently but, at the same time, if it was too low, the primer could band to any
sequence and the specificity of the reaction would decrease rapidly.

Temperature of elongation step depends on DNA polymerase used, but is usually set
to 72 ◦C. In this step the DNA polymerase synthesizes new DNA strand complemen-
tary to the DNA template using free deoxynucletide triphosphates (dNTPs) from the
reaction mixture. As a result a number of target DNA sequence is doubled to become
a new target for the next elongation step of the cycle.

After 20–40 cycles to yield an amplification of the desired DNA piece the final elonga-
tion phase takes place. The reaction is kept for 5–15 minutes at 72–78 ◦C to ensure, that
any remaining single-stranded DNA is fully extended after the last PCR cycle. Once
all high temperature reactions terminates the temperature of the mixture is cooled to
4–15 ◦C for an indefinite time for short-term storage of the reaction mixture [289].

Figure 6.7. Thermal cycle of polymerase chain reaction: 1. Denaturation: breakage of
hydrogen bonds between the strands (94–98 ◦C; 20–30 s); 2. Annealing: primers anneal
to the template strands (50–65 ◦C, 20–40 s); 3. Extension/Elongation: dNTPs addition
(72–78 ◦C). The amount of target sequence doubles during each thermal cycle which leads

to exponential amplifying represented by 2n, where n is a number of cycles [290].

1) The word “reaction” refers to polymerase chain reaction.
2) Primers are oligonucleotides carrying specific sequence of the DNA replication.
3) Oligonucleotides are short DNA or RNA fragments
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An ability to generate billions of copies of specific DNA fragment in relatively short

time allows analysis of many types of genetic variation of human and nonhuman biolog-
ical specimens. Many biomedical laboratories use PCR in their testing, as it is possible
to adapt this method for various qualitative and quantitative analyses. Qualitative
analysis allows detection the presence or absence of a specific gene by using classical
PCR reaction.

Theoretically, an amount of DNA doubles in each cycle. To calculate relative increase
of DNA concentration it is possible to power 2 with the cycle number in which fluo-
rescence crosses the threshold. However, the reactions are not 100% efficient, and the
results require some modifications by using validation protocols. In the case when one
needs to determine quantitative information, the real-time (quantitative) PCR (qPCR)
should be used. The real-time PCR is based on usage of fluorescent DNA labeling
technique allowing detection of generating PCR product by generating fluorescent sig-
nal. Once the fluorescent signal crosses the threshold level the measured fluorescent is
directly proportional to the concentration of the starting material.

6.2.8 DNA melting curves
PCR products can be determined by their melting curves, as they are dependent on
guanine-cytosine (GC) content1), length, and sequence. The melting curve of product
can be acquired by monitoring the fluorescence of dsDNA specific dye as the tempera-
ture passes through the product denaturation temperature. While denaturation can be
observed through the rapid drop of fluorescence. Fluorescence signal plot as a function
of denaturation temperature is called a melting curve [291].

Precision Melt Supermix purchased from BioRad was used in this study. According
to manufacturer it is 2x concentrated, ready-to-use real-time PCR reagent optimized
for specificy and post-PCR high resolution melt analysis. Precision Melt Supermix
contains two main components: iTaq DNA polymerase, which is an antibody-bound
hot-start Taq enzyme that ensures highly specific PCR amplification of target DNA;
and EvaGreen dye, which is a fluorescent dye that binds specifically dsDNA [292].

Mastermix was prepared by adding forward and reverse primers corresponding to
uidA gene (2.6 µl each) to 65 µl of Precision Melt Supermix. The sample with DNA to
replicate was then prepared by adding of 4 µl of isolated DNA to 6 µl of mastermix.
All samples were done in triplicate. The high resolution melting analysis was provided
according the Precision Melt Supermix datasheet [292].

1) GC-content is percentage of either guanine (G) and cytosine (C) in the whole target DNA or RNA
sequence.
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Chapter 7
Pathways of bacteria inactivation with water
activated with DC-operated plasma jet

It is well known that the gas phase plasma induces generation of reactive species in water
[1, 32, 150]. Plasmas generated in air or N2/O2 gas mixtures lead to formation of reactive
oxygen and nitrogen species (such as NO−

2 ,NO−
3 ,H2O2, O1

2, O3, and other); moreover,
plasma acidifies unbuffered liquids [2–3, 152], which all together creates synergistic effect
contributing to irreversible changes in living cells exposed to PAW.

The DC-operated plasma jet, have been reported by Kolb et al. [293], as an unique
source of gas phase plasma that can be immersed directly into aqueous solution (see
figure 7.1). Underwater operation allows direct contact of the grounded electrode with
treated solution and plasma at the same time. This feature grants a possibility to
examine effects of metal ions on bacteria and aqueous chemistry. Moreover, the jet or
its modification has been widely studied by different scientific groups worldwide and
as a result various parameters of its operation have been measured, e.g. temperature
distribution as a function of distance from the nozzle [81, 130], nitric oxide generation
[294], dynamics of the discharge [86], in vitro surface decontamination [81, 295] and
other.

Figure 7.1. DC-operated plasma jet reported by Kolb et al. [293].
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The objective of the experiment described below was to evaluate influence of heavy

metal particles on PAW bactericidal properties. Heavy metal ions were released from
the grounded electrode, which was in the direct contact with treated sample and plasma
at the same time. Three different nozzle materials were chosen: titanium (Ti), copper
(Cu), and stainless steel (SS) to release titanium, copper, and iron ions respectively.

7.1 Experimental setup
7.1.1 DC operated plasma jet

The plasma was expelled from the discharge ignited in a small chamber between the
electrodes, while both electrodes were provided with micro-hollows. The inner high
voltage electrode was realized by a titanium capillary with inner diameter of 0.8 mm.
It was inserted into 1 mm thick alumina tube which overlapped the electrode for 0.4±
0.1 mm. The overlap of alumina tube varied in time due to erosion of both the electrode
and the alumina tube. The grounded electrode was realized by a metallic cylinder with
a flat closure fenestrated in the middle with a 0.8 mm hollow. The insulator overlap
created a chamber between anode and cathode, where the plasma was ignited. A dry
synthesized air (N2/O2) flowed through described coaxial electrode arrangement with
a flow rate of 8 slm. The plasma jet expelled through the hollow in the nozzle was
0.5–1 cm long depending on the initial current (see Fig. 7.2).

Figure 7.2. Coaxial electrode arrangement to expel the plasma plume [81] (a) and the
photo of the working jet with plasma expelling out of copper nozzle (b).

The deviations of ±0.2 mm in all dimensions due to high operational temperatures
were measured. No significant erosion of the high voltage electrode was observed;
however, because of high working temperature, the insulator became frangible after
approximately 50 hours of operation. It was regularly replaced.
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Positive DC voltage of 2 kV was applied to a titanium capillary electrode in series
with a 51 kΩ power resistor. The discharge current was limited to 10 mA or 20 mA in
order to reach better discharge stability and required parameters of PAW. Precision of
micro-hollows arrangement was crucial for the stability of the plasma plume and it was
regularly controlled at the beginning of each experiment.

In order to prepare PAW, the DC-operated plasma jet was submerged 2 cm deep
(measured in steady state) into 50 ml of DI water. A 150 ml glass 10 cm high beaker
was used for this purpose. It was not hermetically closed with a rubber isolator. Outer
parts of the device submerged inside the beaker were covered with parafilm and teflon
tape to prevent corrosion and contact with the treated samples. Plasma jet was always
ignited outside the beaker and was operated in ambient air for at least 1 minute in
order to stabilize the plasma plume. Afterwards, the device was submerged into the
beaker to treat the water for 15 minutes (see figure 7.3). Device was sterilized prior to
each experiment with isopropyl alcohol.

7.1.2 Jet stability underwater
A gurgling effect occurred in the beaker during plasma treatment as a result of strong
gas flow passing through the tiny hole. Water drops occasionally reached the nozzle
and plasma disturbances were observed.

Figure 7.3. A schema (a) and photo of the DC-operated plasma jet dipped into sterile DI
water; plasma and gas flow are turned off (b). Photos on the right (c and d) show plasma
reflections in water, while jet is operating (8 slm, 2 kV, 20 mA). Photos were taken using

different exposition time (1.5 and 3 s for (c) and (d) respectively).

The stability of the plasma plume was monitoring continuously during the whole
treatment time. Two differently behaving instabilities were observed: change in plasma
plume color (from purple to orange) and discontinuation of jet expelling. There were
no disturbances in voltage patterns during plasma plume color change; nevertheless,
the experiment was stopped in the case, the color of the expelled jet was orange con-
tinuously for more than 15 seconds. The second kind of jet instability, when plasma
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plume stopped expelling from the nozzle, caused increase of the nozzle temperature
and could be destructive for the device; therefore, in such case the experiment was
stopped immediately. Possible reason of plasma plume disappearance could be erosion
of electrodes or alumina tube, or water droplets entering the discharge chamber.

Figure 7.4. Voltage (black curve) and current (red curve) patterns measured with current
limited to 20 mA (top) an 10 mA (bottom) for the copper nozzle.

Xian et al. [86] described two different modes of the jet: true DC and self-pulsing
modes. They reported that the jet was switching between these modes depending on
operating voltage and gas flow. The true DC mode was described as a mode with
constant voltage between the electrodes and a corresponding constant current. In the
case of self-pulsing mode the voltage pattern was similar to pattern of repetitively
charging capacitor. Once voltage reached operating value, the breakdown occurred and
the cycle started over. The frequency of pulses was in order of kHz. Self-pulsing mode
was observed for operating voltage ≥ 7 kV and 2 slm gas flow rate.

Additionally, they reported the DC mode followed the self-pulsing one with voltage
increase and unchanged flow rate. They described the mechanism of transition from
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self-pulsing mode to the true DC one by the increased power dissipated in plasma and
corresponding gas temperature raising. Moreover, with augmentation of self-pulsing
frequency the residual ionization between subsequent voltage breakdowns raised as well,
up to the moment when the degree of ionization between the discharges and during the
discharge became equal and the DC mode (with no pulses) finally established [86].

For our purposes the high flow rate (8 slm) was used, although rather low voltage
(2 kV) was set. The current limit was set by the power supply to 10 and 20 mA.
Voltage and current patterns were measured by Osciloscope OWON Model PDS50225.
The pattern differed depending on the current limitation set on power supply.

When the current was limited to 10 mA, the peak-to-peak voltage and amplitude of
current pulses were not constant and varied in a way, that can be seen in figure 7.4 (bot-
tom). Moreover, low amplitude current pulses were observed prior to the current pulses
with maximal amplitude. The same observation was made for the voltage pattern. The
maximal voltage did not reach 2 kV, despite it was set on the power supply. We assume
that pulses of small amplitude were caused by pre-ionization processes, as streamer did
not have enough energy to reach the grounded electrode. However, once the residual
ionization was enough to connect two electrodes with the streamer, the large amplitude
pulse occurred.

When increasing current limit to 20 mA, the energy dissipated in plasma increased.
As one can see in figure 7.4 (top), the true self-pulsing mode was established. The
frequency of pulses was 20± 5 kHz and voltage peak-to-peak amplitude 2.0± 0.1 kV.

Slight differences in parameters were observed for different nozzle materials. They
could be caused by inaccuracy in hollow positions or different rapidity of material
erosion. The true DC mode could not be established due to lack of energy.

Quality and repetition rate of pulses were not correlated to stability or instability of
the discharge. Nevertheless, when the jet did not expel from the nozzle, no pulses were
observed in the voltage pattern. The color of the expelled jet did not correspond with
voltage patterns.

7.1.3 Experimental procedure

Significant inconsistencies in jet operation were observed, thus preliminary experiments
were held to control PAW composition. Concentration of nitrites, volume loss and
absorption spectrum were set as parameters to optimize. Concentration of nitrites in
PAW was measured and are shown in figure 7.5 (top). We did not stop the jet when
it experienced the color instability to evaluate its influence on nitrites concentration in
PAW. Standard deviation of measured value was incredibly large and increased with
operation time.

To predict NO−
3 formation, absorbency measurements were provided. In figure 7.6

there are shown absorption spectra of water treated with plasma for 10 (left) and 15
(right) minutes. Absorbency increase in wavelength range 296–309 nm reflects non zero
concentration of NO−

3 immediately after activation.
With respect to all measured parameters the PAW preparation time for all further

experiments was set to 15 minutes. Experiment was considered to be successfully
finished if the jet was stable for at least 80% of time (12 out of 15 minutes); and if
each instability duration did not exceed 15 s. This restriction allowed to maintain
the deviation of (cNO−

2 ) within 25%. The jet became unstable independently on its
operation period; however, duration of instabilities increased with time of operation.
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Figure 7.5. Dependence of the NO−
2 concentration (top) and the sample mass loss (bottom)

on the treatment time. Presented curves were obtained during preliminary measurements
and were used to set the time of treatment. Restriction on plasma plume stability were

made to eliminate deviation in nitrite concentration.

7.1.4 Bacteria inactivation procedure
Once PAW was prepared, 10 ml of it was moved to a sterile test glass tube, and E. coli
suspended in 100 µl of normal saline solution with bacteria concentration of 109 CFU/ml
was added to PAW within one minute after treatment. Bacteria were left in PAW for 90
minutes. The dynamics of E. coli inactivation was investigated with drop test viability
assay calibrated with conventional cultivation method four times during the incubation
(after 20, 40, 60 and 90 minutes).

We measured following chemical parameters of PAW: pH, sample mass loss, concen-
tration of nitrate, nitrite, hydrogen peroxide, and metal ions concentrations. pH and
mass loss were measured with WTW pH330 pH-meter and Kern analytical balance re-
spectively. Concentrations of NO−

2 and H2O2 were measured colorimetrically within 5
minutes after treatment, while NO−

3 concentration was measured with ion chromatog-
raphy within several days after treatment. Due to the low pH (approximately 3.3)
of samples they were stabilized with DI water in sample-to-water ratio equal to 1:3.
Concentration of metal ions was measured by prof. Vaclav Janda and co-workers.

7.2 Results and discussion
DC-operated plasma jet was used to expell plasma plume into the water while the
plasma was generated in the gas-phase. Due to high gas flow rate and gurgling effect
induced in liquid activated water was in direct contact with exterior of the jet, which
was covered with parafilm and teflon tapes, and the grounded electrode. Moreover,
water was vaporizing and escaped from the beaker with the gas. To reduce baterial
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Figure 7.6. Absorption spectra of water activated with DC operated plasma jet for 10
(top) and 15 (bottom) minutes.

contamination of the device and laboratory equipment, bacterial suspension was add
to PAW within 5 minutes after its preparation.

7.2.1 Chemical properties of PAW produced by DC-operated
plasma jet

Bactericidal properties of plasma activated water depend on concentration and variety
of reactive species, pH, and other factors. Three parameters were used as a routine
procedure to monitor PAW properties: pH, hydrogen peroxide and nitrites concentra-
tions were measured within 5 minutes after each treatment. Other parameters, such as
concentration of metal ions and nitrates were measured for at least 3 samples.

All routine measured PAW parameters varied depending on the current limit set
by the power supply. In the case of 10 mA current limit, concentration of hydrogen
peroxide was below or on the detection limit of the used method. Nitrite concentration
was below 10 µmol/l and pH value was approximately 3.5 (see figures 7.7 and 7.8).

Concentration of hydrogen peroxide in the case of PAW prepared using the jet with
current limited to 20 mA was significantly higher comparing with the case described
above. Despite the differences in maximal voltage (2.1 kV for Ti nozzle and 2 kV for
SS and Cu ones) and minor differences in pulse repetition frequencies for all electrode
material, c(H2O2) strongly depended on the nozzle material, and was maximal for the
stainless steel nozzle. Concerning for example the titanium nozzle, the concentration
of hydrogen peroxide and nitrites was low comparing to samples prepared with Cu or
SS nozzles. Additionally, nitrites concentration measured in samples prepared with Ti
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Figure 7.7. pH (left) and hydrogen peroxide (right) concentration in the PAW prepared
with DC-operated plasma jet.

Figure 7.8. Nitrites (left) and nitrates (right) concentration in the PAW prepared with
DC-operated plasma jet.

nozzle was below 5 µmolł, which was the same amount as for the case of 10 mA current
limitation (see figure 7.7 (right) and figure 7.8 (left)).

The nitrate concentration, measured separately for 9 samples in each group is shown
in figure 7.8 (right). Measured concentration slightly varied with the nozzle material
and current limit; however, no significant difference was observed in this case. Plasma
jet with titanium nozzle generated the least nitrates in the treated sample.

Particles released from the nozzle within the treatment was measured for 3 sample
using each nozzle material and both current limits. Measured concentrations can be
seen in table 7.1. Average value of metal ions concentration in treated samples did not
vary within measurements for different current limits.

7.2.2 Bacterial properties of PAW without hydrogen peroxide
Bactericidal properties of created PAW strongly depended on concentration of hydrogen
peroxide and metal ions released into the sample. Furthermore, period of bacteria
exposure to PAW played a significant role.

Plasma activated water prepared using plasma jet with current limited to 10 mA
contained only small amount of hydrogen peroxide and nitrites. Concentration of these
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Nozzle Metal ions Cytotoxicity limits
material concentration Without H2O2 With H2O2

SS (Fe) 4.3–9.7 mg/l nontoxic catalyses ROS
formation via
Fenton reaction

Cu 330–919 µg/l toxic ≥ 100 µg/l catalyses ROS
formation via
Fenton-like reaction

Ti 10–14 µg/l nontoxic nontoxic
Table 7.1. Metal ions concentration in PAW prepared with DC-operated plasma jet and

their toxicity limits.

species was slightly above the detection limit of the used methods (≤ 5 µmol/l). Addi-
tionally pH of samples was above 3.3, that means the reaction producing peroxynitrite
did not take place [32]. Taking in account all mentioned above, we assumed, that PAW
itself should not have any bactericidal effects.

The stress in the case of titanium or stainless steel electrode should not be caused by
the metal release, due to nontoxicity of titanium and iron ions. Iron ions did not seem
to be toxic in absence of hydrogen peroxide.

Nevertheless, as it can be seen in figure 7.9 (dashed curves), 1 log10 reduction of
surviving bacteria was observed for titanium and stainless steel nozzle after 90 minutes
of bacteria exposure to PAW. This effect was ascribed to high sample acidity and
long term bacteria presence in the medium with no nutritions. E. coli is a bacterium
isolated from the gastrointestinal tract of warm blood animals and humans, and it has
mechanisms, which allow it to survive under highly acidic condition with pH 2.5 and
lower [182]. Provided experiments confirmed 90% of survival bacteria after 90 minutes
of E. coli exposed to PAW, which is in good agreement with results reported elsewhere
[296].

Better inactivation results were obtained for the PAW prepared with the copper
nozzle. In figure 7.9 the dashed curve for copper nozzle shows 1 log10 inactivation for
each 30 minutes of bacteria exposure to PAW. After 90 minutes 3 log10 reduction of
E. coli was obtained. We subjected this result to toxic effects of copper ions released
from the electrode. Measured concentration and toxicity limits of released metals can
be found in table 7.1.

Coppers initial site of damage is reported to be at the cell membrane, where copper
ions cause membrane disintegration [297]. It is well documented, that copper is toxic to
bacteria with minimum inhibition concentration (MIC) reported to be about 250 mg/l
[297–300]. This is far higher than the maximal copper ions concentration released to
PAW, which was less than 1 mg/l.

Nevertheless, it has been reported, that long exposition (from 30 minutes to 8 hours)
of E. coli bacterial cells to concentration of 600 µg/l of copper ions induces several
irreversible processes in the cell, e.g. lipid peroxidation, substitution of essential metals
on membrane, DNA and protein damages [301]. These processes lead to disrupting of
membrane integrity of the cell, which should not necessary lead to the cell death, but it
makes the cell sensitive to other factors that can cause lethal damages. Moreover, it has
been reported, that small concentration of copper might induce a VBNC state caused
by stress factors named above [232]. Bacteria in this state fail to grow on the routine
cultivation media, and have to be resuscitated in order to be measured conventionally.
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Figure 7.9. Dependence of bacteria reduction rate on time of bacteria exposition to PAW.
Error bars were not introduced to the figure; standard deviation of measured values did
not exceed 0.25 log10. The lines in the figure do not correspond to the trend in data, but

are drawn for better orientation in measured values.

7.2.3 Bactericidal properties of PAW with hydrogen peroxide
The concentration of hydrogen peroxide in PAW increased rapidly by setting up the
current limitation to 20 mA and establishing self-pulsing mode with stable frequency of
several tens of kHz. As it can be seen in the right graph of figure 7.7 concentration of
H2O2 depended on the nozzle material. Additionally concentration of NO−

2 for stainless
steel and copper nozzle increased up to 150 ± 40 µmol/l. And finally acidity of the
sample, which is shown in the left graph of figure 7.7, decreased below a value pH = 3.3
for all nozzles.

All mentioned factors participated on enhancing bactericidal properties enhance of
prepared PAWs, in comparison with the case described in the previous section. Kinetics
of bacteria inactivation is shown in figure 7.9 as solid lines. The most efficient PAW
was prepared with stainless steel nozzle, when the bacteria inactivation of 5 log10 was
reached after 40 minutes of bacteria exposure to the medium. Comparing its parameters
to other PAWs we should depict higher concentration of chemical compounds (NO−

2 ,
H2O2) and iron ions released from the electrode. Although pH value was comparable
with pH of PAWs prepared with Cu and Ti nozzles. We assume two main pathways of
bacteria inactivation in PAW: effect of chemical compounds and acidity, and metal ion
toxicity.

Lukes et al. [1] performed a detailed study of post-discharge chemical processes
in plasma activated water involving formation of peroxynitrous acid ONOOH and its
subsequent decomposition into OH• and NO•

2 radicals via reactions (7.1) and (7.2).
Peroxinitrite reactivity is strongly dependent on acidity of the solution, with upper
limit of pH value at 3.3.

H2O2 + NO−
2 + H+ → ONOOH + H2O (7.1)

ONOOH→ OH• + NO•
2 (7.2)
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Metal ions released from nozzles start different reactions with generation of ROS.
One of the possible mechanisms could be proceeding of the Fenton reaction that occurs
both for iron and copper (see equations below). In essence, both Fe2+ and Cu+ in-
tensifies O toxicity by catalyzing the electron transfer from a donor biomolecule H2O2.
Furthermore, redox cycling of the metal can consume cellular antioxidants.

Fe2+ + H2O2 → [Fe2+H2O2]→ Fe3+ + OH• + HO− (7.3)

Fe3+ + O•−
2 → Fe2+ + O2 (7.4)

Cu+ + H2O2 → [Cu+ −H2O2]→ Cu2+ + OH• + HO− (7.5)

Cu2+ + O•−
2 → Cu+ + O2 (7.6)

Iron-mediated Fenton reaction is faster than copper-mediated one. Rate constants of
these reactions depend on pH and relative reduction potential of the medium. This dif-
ference can be another reason of more effective bacteria inactivation with PAW prepared
with stainless steel electrode.

All mentioned processes are the source of hydroxyl radical, which is the most re-
active molecule in aqueous solution with oxidizing power (E0 = 2.85 V). In contact
with bacteria it induces oxidative stress and membrane damage, via for example lipid
peroxidation and pore formation [3]. Moreover, peroxinitrite under acidic conditions
might induce oxidizing processes in cell due to their reactivity. All these processes can
lead to lethal cell damage or can make cell enter the VBNC state.
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Chapter 8
Bacteria inactivation pathways in PAW
generated by µAPPJ

There are several possibilities of bacteria inactivation with PAW depending on the mo-
ment, when bacteria are added to solution. They can be suspended in treated solution
prior, immediately after or within longer (hours, days or weeks) after plasma treat-
ment. Moreover, the period of bacteria exposure to PAW plays significant role in their
inactivation in all cases. In previous chapter we demonstrated results of experiment,
when bacteria were added to PAW immediately after its activation.

In this chapter we discuss results of experiments, when bacteria were suspended in the
treated solution prior to plasma treatment and were washed and analyzed immediately
after exposition.

The objective of the study described in this chapter is evaluation of bacterial path-
ways induced by PAW prepared with µAPPJ in He + O2 atmosphere. Bacteria were
added to solution prior to plasma treatment, therefore they were treated with both
plasma generated species and post-discharge liquid-phase chemistry. Bacteria were
washed and analyzed immediately after plasma treatment, so no long-term exposition
to stress factors was considered.

Due to a larger group of people participating on the experiment more precise bacte-
riological analysis was conducted. Chemical analysis of the model liquids was done by
Hefny and Lukes et al. and were already published in [73].

8.1 Experimental procedure
The plasma source used for this experiment was the COST reference jet precisely de-
scribed and analyzed by various authors. Recent review paper was published by Golda
et al. in 2016 [65].

Briefly, µAPPJ generated the capacitively coupled discharge powered with commer-
cial RF power supply at f = 13.56 MHz and URMS = 230 V. The discharge was gener-
ated in a microchannel between 30 mm long and 1 mm thick stainless steel electrodes
covered with two 1.5 mm thick quartz glass plates (see figure 8.1(a)). Distance between
the electrodes was 1 mm. The plasma channel dimensions were 1× 1× 30 mm3. Pure
helium with gas flow rate 1.44 slm with admixture of 0.6% of O2 was used. Density of
the molecular oxygen species in the gas mixture was determined as 8×1014 cm−3 when
measured using mass spectrometry [73].

Plasma treatment of aqueous solutions was performed in a small chamber tightly
separated from ambient atmosphere. The chamber was created with 6 ml glass cylinder
closed by an aluminum cover with integrated gas exhaust line. The µAPPJ was fixed
to a polyoxymethylene (POM) plate and mounted on a cover of the glass chamber,
as shown in figure 8.1. 3 ml of aqueous suspension was treated with plasma jet at a
distance of 4 mm.

The gas flow rate induced circulation and mixing of the treated solution, and depres-
sion of the water surface for 0.8 mm in the jet axis. This depression was stable in space
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and time due to a laminar flux of the gas mixture with plasma on and off [73] (see figure
8.2 (a)). Sample mixing inside the glass cylinder was evaluated by dissolving cornstarch
(size ∼10–20 µm) and illumination it with laser beam expanded into a sheath by a
prism. Cornstarch movement was than recorded with camera (see 8.2 (b)).

Figure 8.1. Experimental setup to evaluate bacteria inactivation pathways by PAW pre-
pared with µAPPJ, powered by RF generator (a) and a photo of the setup with ignites

plasma (b).

Figure 8.2. Photograph of the effect of the gas flow on the sample level (a). Photographs
of vortices in liquid created as a result of laminar gas flow of He 1.44 slm visualized with

laser illuminated cornstarch particles suspended in treated sample (b), (c) [73].

To prevent contact of PAW with ambient air, bacteria were added to the aqueous
solution prior to plasma treatment. The atmosphere in the closed and tightened glass
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cylinder was stabilized for 1 minute with the gas flow, as was described above. Af-
terwards, plasma was ignited for assigned time. The time series 1, 2, 4, 6, 8, 10 and
20 minutes of treatment were performed to investigate kinetics of bacteria inactivation.
The bacterial osmotic shock was prevented by adding 0.9943 g/l NaH2PO4 ·H2O into
DI water to reach initial conductivity of 500 µS/cm. Normal saline solution was not
used due to its strong bactericidal properties after plasma activation [152].

Inoculum was purchased from Oxoid Brno in form of gelatin discs with declared
concentration of 107 CFU in each. Two E. coli gelatin discs were suspended in 40 ml
of Luria-Bertani broth1) one day before the experiment. Bacteria reached the expo-
nential growth phase during overnight cultivation and their concentration increased to
109 CFU/ml. Afterwards, bacteria were centrifuged and resuspended in phosphate so-
lution. Centrifugation and phosphate washing were repeated three times to minimize
residual organic compounds pollution. Finally, washed bacteria were diluted in sterile
phosphate solution to obtain concentration of approximately 107 CFU/ml of E. coli.

A number of metabolically active bacteria was measured by a Resazurin Viability
Assay (RVA), cultivation bacteria on the specific cultivation media and LIVE/DEAD
assay. Concentration of MDA was measured to investigate lipid peroxidation. The ox-
idative stress, which was assumed to be one of the mechanisms of bacteria inactivation,
could cause changes in DNA, hence DNA melting and amplification curves were mea-
sured using Precision Melt Supermix and qPCR reaction. Concentration of chemical
compounds and pH were measured using the model liquids (DI water and phenol [73]).

8.2 Bacteria inactivation pathways
Membrane degradation, pore formation and DNA damage were assumed to be the main
pathways induced by PAW. However, reactive species generated in plasma under helium
atmosphere with small oxygen admixture are different, compaing to those generated in
nitrogen containing atmosphere. Reactive nitrogen species formation were not supposed
to be generated in this case. That means, that degradation processes on bacteria
membrane and elsewhere should be induced only by reactive oxygen species.

8.2.1 Reactive oxygen species produced in PAW
The aqueous phase chemistry induced by µAPPJ in aqueous solutions was discussed in
details in [73]. Nevertheless we would like to depict conclusions, that are relevant for
the study described in this thesis.

‘ Two model liquids were used to detect chemical pathways induced by plasma in
liquids: DI water and DI water with 500 µmol/l phenol. Phenol is rather simple
molecule with specific analytic advantage, as products of its reaction with OH radical,
ozone and NO/NO2 radicals are known and understood in detail[1].

PAW pH depended on the treated solution (see figure 8.3 (right) for phenol) and did
not drop below 5.0 for DI water. pH decrease for DI water with phenol was attributed
to formation of organic acids as ring-opened degradation product of phenol.

Formation of OH• radical strongly depended on water vapors in the plasma channel
and was maximal for He + H2O working gas composition. Nevertheless, the formation
of hydroxyl radical was observed in water prepared with the jet operated in He + O2
as a result H2O impurities vaporized from the treated solution. µAPPJ is a source of
high-energy vacuum-UV photons [76, 302]. Their energy is high enough to dissociate or
1) Prepared by solution of 10 g of Thryptone, 10 g of NaCl and 5 g of yeast extract in 950 ml of DI water;
and autoclaved for 15 minutes.
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Figure 8.3. Concentration of Hydrogen peroxide (left) and pH (right) measured for aque-
ous solution treated with µAPPJ. c(H2O2) was measured in DI water and DI water with

500 µmol/l phenol, while pH was measured in DI water with 500 µmol/l phenol [73].

even ionized water molecule through absorption in liquid water and induce OH radical
formation. This effect was checked using special designed jet modification and no or
negligible effect was reported.

Ozone is another species generated in large quantities by He/O2 plasma. However,
authors strongly suggested practically no o negligible role of this species in aqueous
chemistry.

And finally, the main reactive species of gas phase plasma generated in He/O2 is
atomic oxygen in ground state, with absolute O-flux into treated liquid of 9.3×1015 s−1

(assuming 100% O surface loss probability). Nevertheless, its transport into liquid was
reported as highly efficient, where more then 50% of O atoms end up inside the liquid.
According to recently published results of Kusalik et al. [303–304] and Hefny et al. [73]
it was was strongly suggested that solvated oxygen atoms (Oaq) do not react with the
water molecules, and can directly oxidize phenol and its products; or bacteria and its
membrane.

Concentration of hydrogen peroxide in DI water and in DI water with phenol are
shown in figure 8.3 (left). The difference in H2O2 concentration was explained by direct
oxidizing of phenol with the O atoms. Moreover, hydrogen peroxide was assumed to
originate from gas phase, where it was produced from H2O impurities.

8.2.2 Lipid peroxidation induced by ROS
Lipid peroxidation (LPO) was considered as one of mechanisms of bacterial membrane
disruption in a medium with high concentration of ROS, particularly OH radical [305]
. Briefly, it can be described as a chain reaction of lipid degradation which propagates
through the lipid bilayer until antioxidants produced by a cell terminate the process.
However, once a cell suffers under stress conditions, the antioxidative mechanisms can
fail to stop these reactions soon enough to prevent loses of membrane integrity. Anyway,
lipid peroxidation process increases hydrophilicity of lipid bilayer and consequently leads
to malfunction of membrane as the intracellular compartment protection. As a result
of LPO relatively stable reaction product — peroxidated PUFAs1) — are formed.

Peroxidated PUFAs are further decomposed to different aldehydes (e.g. MDA), which
can be measured in extracellular liquid. The graph of MDA released to extracellular

1) PUFAs (polyunsaturated fatty acids) are the target of lipid peroxidation. LPO is explained in detail
in section 5.2.1
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liquid can be seen in the figure 8.4. The rapid increase of MDA during the first 5 minutes
of treatment corresponded to ongoing lipid peroxidation, which should be caused by
an augmentation of reactive oxygen species (e.g. OH•, H2O2 and Oaq) in the liquid.
However, after 5 minutes rapidity of MDA release reached the saturation phase.

Figure 8.4. MDA concentration in the extracellular environment as an indicator of ongoing
lipid peroxidation depending on treatment time. The standard deviation was done for

n = 5.

Measured values were different comparing to those obtained by another authors.
For example Dolezalova et al. [3], who worked with kINPen plasma jet1) reported
increasing MDA concentration proportional to concentration of ROS and RNS in the
liquid. Likewise, Joshi et al. [306] using FE-DBD plasma source in ambient air described
that an MDA augmentation correlated with ROS concentration in solution.

8.2.3 Bacterial response to oxidative stress
Bacteria response to PAW exposure was obtained using cultivation on E. coli selective
medium (m-FC) and Resazurin viability assay (RVA). Results of bacteria inactivation
with PAW produced with µAPPJ are shown in figure 8.5.

The solid curves, which were obtained by plotting results of conventional E. coli
cultivation on a selective medium, can be divided into two parts with different D-
values2). The first part is characterized by inactivation of less than one log10 and was
observed within first 6–8 minutes of plasma treatment. Further, rapid inactivation of
7 log10 reduction during 12 minutes took place. The calculated D-value in this case was
0.58 log10 per minute of plasma treatment.

However, RVA which was performed simultaneously with conventional cultivations,
showed slightly different results (see dashed curves in figure 8.5). Survival curve ob-
tained using RVA is again biphasic and the first phase, characterized by slow bacteria
inactivation within one log10 lasts 7 minutes longer, i.e. until the 15th minute; while
the D-value of the second phase is 1 log10 per a minute.

Bacteria cultivation on selective medium and RVA gives different information about
bacteria. Bacteria amount calculated using conventional cultivations indicates the num-
ber of cells, that are not damaged and are ready to replicate. While resazurin viability
1) kINPen is a DBD plasma jet, that uses Ar as a working gas
2) D-value is a slope of a bacteria reduction trend-line
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Figure 8.5. Biphasic survival curves evaluated with resazurin viability assay (dashed lines)
and conventional cultivations on selective agar (solid lines).

assay detects metabolic activity of bacteria, using non-fluorescent resazurin to highly
fluorescent rezorufin conversion. Cells with active metabolism are not necessary able
to replicate properly, and as a result they are not detectable via cultivation method.

Differences in results obtained via conventional cultivations and RVA could indicate
bacteria entered the viable but non culturable (VBNC), or other sensitive state. Bac-
teria in VBNC state fail to grow on routine cultivation medium, but can be regrown
once the stress factor stops acting; or they can be detected indirectly through metabolic
tests. Nevertheless, indirect measurements can give false positive results by detecting
bacteria in other sensitive states.

E. coli is aerobic bacterium, which is adapted to certain amount of ROS produced by
various intracellular and extracellular biochemical pathways. As a result, E. coli cells
maintain a strong defense against oxidative stress via two types of superoxide dismutase
[307]. Thus, we suggest, that a possible reason, why bacteria survived first 6 minutes of
plasma treatment, could be caused by their strong defense mechanisms against stress
induced by plasma generated ROS.

Once ROS concentration in the solution augmented above the critical level or if it
reached certain cumulative dose bacteria defense mechanism failed, thus the phase of
rapid inactivation was observed. The delay of the rapid inactivation phase obtained via
cultivation assay and RVA could be explained by assumption, that E. coli entered the
state, which prevents its culturability.

The VBNC state should be definitely proven by successfully resuscitated cells; how-
ever, we did not obtain satisfiable results up to now. The results obtained via RVA,
cultivations and additionally via LIVE/DEAD (shown below) endorsed bacteria to enter
this state.

Bacteria in VBNC state are reported to be more resistive to different stress factors:
among others to oxidative stress, low pH and temperature fluctuations [308, 3]. The
maximal difference between concentration of cultivated and viable bacteria was observed
within the period from the 8th minute of treatment (see figure 8.5). During this time,
H2O2 concentration in the solution increased above 40 µmol/l (measured in DI water),
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however pH was 5.0 (measured in DI water). Simultaneously concentration of other
ROS (mainly atomic oxygen) increased as well [73]. Moreover, it has been reported that
E. coli under starvation increases its tolerance to sublethal concentration of hydrogen
peroxide. The lethal concentration of H2O2 was reported to be 1 mmol/l, which is 100
times higher, than the average value detected in PAW [309].

8.2.4 Pore formation as a result of bacteria exposition to PAW
ROS induced oxidative stress could lead to pore formation on the membrane, for exam-
ple through lipid peroxidation. Concentration of MDA as a result of lipid peroxidation
was discussed above. Concentration of MDA leaked out of the cell was comparable with
results reported by other authors (e.g. Dolezalova et al. [305]), who concluded, that
lipid peroxidation played a dominant role in bacteria inactivation with PAW.

Detection of membrane porosity was provided using LIVE/DEAD (L/D) staining
(see 8.6). The L/D assay contains two dyes: SYTO9 and propidium iodide (PI). The
first dye is highly toxic small molecule, which can pass through a membrane into an
undamaged cell. On the contrary, a large molecule of PI can pass only through dam-
aged (porous) membranes. This reagents belong to marker dyes used in monitoring of
the cell membrane permeabilization [310–313]. In figure 8.6 changes in membrane per-
meabilization depending on plasma treatment time are shown. Measured dependency
copies the trend of data obtained with cultivation assay and RVA, when nor significant
inactivation, neither membrane permeabilization was detected during approximately
6 minutes of treatment. However, once a c(ROS) in PAW threshold was reached, the
percentage of dead cells increased rapidly.

Figure 8.6. Ratio of live to dead bacteria obtained with LIVE/DEAD BacLightTM viability
assay with respect to time of plasma treatment. The standard deviation was done for n = 5.

Nevertheless, comparing result of bacteria inactivation shown in figure 8.5 with those
shown in figure 8.6 we assumed, that permeabilization of the cell was not the main
mechanism leaded to the cell death: after 20 minutes of plasma treatment cultivation
assay considered 99.9999% of dead bacteria, while RVA gave 99.99%, but L/D assay
showed only 55% of cells with porous membrane.

The assumption discussed above was confirmed by recording absorbency spectra of
the supernatant obtained as a result of treated cells centrifugation. UV-visible spec-
trophotometer at wavelength 260 nm (for DNA absorbance) and 280 nm (for protein
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absorbance) respectively. Absorption spectra of treated and untreated samples are
shown in figure 8.7 and, although, the difference in absorbency of about 0.1 was ob-
tained no peak was detected. Increase in spectra at 260 nm could be ascribed to the
DNA leakage, or to residue concentration of different chemical compound of PAW left
in supernatant1).

Figure 8.7. Absorption spectra of supernatant of treated and untreated bacteria to exam-
ine DNA leakage with a detailed image of the peak absence at 260 nm.

8.2.5 Changes on DNA strands
Changes on DNA were measured by quantitative polymerase chain reaction (qPCR)
using the thermal cycler with built in fluorometer. Details of the method are described
in section 6.2.7. The method can be summarized as three stepped chain reaction,
resulting to doubling of the specific DNA sequence matching the designed primer in
each cycle. The fluorescence produced as a result of amplified DNA was monitored
in real-time. uidA primer, which is complementary to a structural gene commonly
used to detect coliform bacteria E. coli in solutions, was used in this study. uidA gene
encodes the B-glucuronidase enzyme, which is present in a small amount of bacteria
stains. Initial concentration of DNA in the solution matching the used primer directly
corresponds to a cycle number, when fluorescence increases above the threshold value.

In figure 8.8 it can be seen that with increase of plasma treatment time, concentration
of DNA matching the primer decreases which indicates DNA changes.

Additionaly DNA melting curves were measured. The melting temperature of DNA
indicates the temperature, when 50% of DNA in the measured sample denaturates
from the double-stranded DNA (dsDNA) to single-stranded DNA (ssDNA). The study
performed by Marmur and Doty [314] on DNA polymer stability presented a linear
relationship between the GC content of the polymer and its melting temperature, that
was explained by different stability of GC and AT pairs. Two factors contribute to
change in DNA melting temperature: (i) hydrogen bonding between complementary
strands, and (ii) pi-stacking2) between adjacent base [315].

1) Supernatant denotes the liquid above the solid residue after centrifugation, or other processes.
2) Pi-stacking is non-covalent interaction between aromatic portion of bases
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Changes in DNA melting temperature caused by plasma treatment are shown in fig-

ure 8.9. DNA melting temperature of treated bacteria increased with plasma treatment
time.

Changes in melting curve and quantity of DNA measured using qPCR might be
ascribed to several processes: (i) effect of hydrogen peroxide, that is known to cause
DNA damage in low concentrations (< 100 µmol/l) [316], (ii) effect of hydroxyl radicals
generated directly by plasma, or (iii) hydroxyl radical generated via Fenton reaction
directly in the cell as a result of reaction of hydrogen peroxide with intracellular iron.

Moreover, comparing changes on DNA with results obtained via conventional meth-
ods we can conclude that the structural and lethal changes on bacteria start to be
significant after 10th minute of treatment, once ROS concentration is above the thresh-
old.

Figure 8.8. DNA amplification curves measured with qPCR depending on plasma treat-
ment time.
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Figure 8.9. DNA melting curves measured with qPCR depending on plasma treatment
time (normalized and relative view).
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Chapter 9
Bactericidal properties of plasma activated
oregano essential oil

Non-thermal plasma is mainly used to activate inorganic aqueous solutions, e.g. DI
water, normal saline solution or PBS, while organic one, e.g. phenol is usually used as
a probe to detect reactive species. In this chapter the promising possibility of plasma
activated organic compound — essential oils — is described.

The objective of the experiment was to design a setup to activate oregano essential
oil with non-thermal atmospheric pressure plasma to decrease time period needed for
their vaporization in order to inhibit bacterial growth on the surface in vivo and in
vitro.

9.1 Essential oils as natural remedy

Mechanisms of bacteria inactivation by different essential oils (EOs) and their main
compounds are described for example in reviews written by Burt et al. [242] or Calo
et al. [243] and were summarized in the section 5.5. Moreover, it was investigated that
the direct contact between microorganism and EOs or their components is required to
cause significant damage to bacteria and fungi [317]. Essential oils are highly volatile,
hence it has been suggested that EOs vapors can effectively decontaminate surfaces and
gases [318]. The main disadvantage of EOs vaporization is time consumption of the
process. It varies from 12 to 72 hours depending on experimental conditions. Electro-
or mechanical spraying of OE can be used to accelerate their evaporation through
increasing of evaporative surface. Moreover, electrohydrodynamic atomization1) can
be combined with DC discharge such as corona, streamer or transient spark [24].

Despite the fact that essential oils are natural, a high load of EO in food preservation
may imply organoleptic impact, which is caused by changes in food taste by exceeding
the acceptable flavor thresholds [319–320]. That is the reason, why the minimal pos-
sible concentration of EOs is usually used. Minimal inhibitory concentration (MIC) of
essential oils differs for various inactivated bacteria or fungi and depends on the volatile
compounds of the used EO. The time and high MIC are factors to be reduced in order
to improve EO techniques in food preservation. Author of this thesis used electrospray-
ing through the transient spark discharge to reduce the time necessary for EO to act
on bacteria. MIC reduction was not in the focus of this study.

1) Electrohydrodynamic atomization is explained in detail in the section 2.1.1 and is usually called
electrospraying
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9.2 Non-thermal plasma combined with EOs in food
preservation and medicine

There is only small evidence of essential oils used simultaneously or subsequently with
plasma treatment in order to inactivate microorganisms or molds. This evidence can
be divided to three main directions:. plasma-assisted processing of EOs [321],. simultaneous sample treatment with plasma generated negative and positive ions,

and EOs [319, 322],. subsequent sample treatment with NTP and EO [323].

Jacob et al. [321] are working on essential oils polymerization in order to produce
bio-compatible antibacterial coating. The field of antibacterial coating with addition
of essential oils compounds (e.g. capsaicin, curcumin, etc.) develops rapidly. How-
ever, these problems are more likely to correspond with plasma-surface modification
and activation, and plasma deposition, and are not in the scope of this thesis. More
information regarding polymerization of essential oils and its components reader can
find at [321, 324–326].

Two groups Tyagi et al. [319] and Guant et al. [322] are investigating synergistic
effects of vaporized essential oils and ions generated by an NTP or by a candle. Guant
et al. studied inactivation properties of vaporized essential oils in closed volume, where
negative and positive ions were induced by corona discharge or candle light. They
reached significant decrease of MIC needed to inactivate 80% of E. coli and S. aureus
on the surface with initial concentration of 106 CFU/ml. Researchers assumed that
changes provided by ions to hydrophobic essential oil could promote their transport
through the aqueous film that covers bacteria preventing direct contact of EO vapor
and bacteria membrane. Moreover, it is well known, that negative ions with contact
with membrane cause its breakdown.

Negative air ions (NAI) produced by Plasma Cluster Ion technology, widely used in
air purification and disinfection [103, 327], were used to investigate effect of NAI on
bactericidal properties of EOs in the study provided by Tyagi et al. [319, 256, 328].
Researchers concluded that the effect of NAI and essential oils are similar during the
first 0.5 h of exposition. However, significant synergistic effect is observed after 4 h for
lemon grass oil vapors and NAI against E. coli, when bacteria reduction rate increased
rapidly [319]. Effects of NAI on bacteria are not completely similar to effects of NTP;
however, they correspond with extremely remote NTP treatment .

Matan et al. [323] used Ar-operated plasma jet to treat leaf sheath specimens su-
perior to clove oil or eugenol1) treatment. Eugenol is the main volatile compound of
the clove oil. They did not use vaporization of the oil, but applied it directly onto
the surface contaminated with A. niger2), Penicillium sp.3), and Rhizopus sp.4). Re-
searchers concluded that the subsequent exposition of areca palm leaf sheath to clove
oil and remote plasma treatment leads to decrease of minimal inhibitory concentration
of EO. Moreover, such treatment prevents the growth of all molds on the areca palm

1) Eugenol is the main volatile component of clove essential oil.
2) Aspergillus niger is a fungus, which cause a disease called black mould on certain fruits and vegetables
and is a common contaminant of food.
3) Penicillium species are filamentous fungi producing penicillin.
4) Rhizopus species belong to a genus of common saprophytic fungi on plants and specialized parasites on
animals.
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leaf sheath for at least 15 weeks of storage. They proposed, that NTP generated re-
active species activated clove oil on the leaf sheath. Furthermore, according to several
reports, plasma treatment leads to increase of surface hydrophobicity, that is followed
by a low water or moisture absorption [329–330], and as a result to better adherence of
oil components.

9.3 Experimental setup

9.3.1 Electrode system
Oregano essential oil (OEO) dissolved in carrier liquid (CL) was electrosprayed onto
the treated surface through transient spark discharge. Experimental setup was inspired
by the device reported by Machala et al. [24].

Transient spark discharge was generated between two copper electrodes (see figure
9.1): a tubule anode with inner diameter of 2 mm powered with DC voltage (15 kV), and
a plane grounded cathode fenestrated with a 9 mm circular hollow. A Teflon capillary
(Dout/din = 2/0.1 mm) was inserted into the hollow anode, in such position that the
distance from its end to the anode end was 2 mm. The Teflon capillary was connected
to a pump (Harvard Apparatus, 11plus), which injected the liquid into the discharge
with flow rate of 50 µl/min. Inter-electrode distance was set to 6 mm.

Figure 9.1. (a) Schematic of experimental setup to electrospray oregano essential oil
(OEO) diluted in carrier liquid (CL); and (b) photo of transient spark discharge provided

with 5 s exposition.

Positive corona discharge was ignited in advance of liquid brought to the end of the
electrode. At the moment, when the liquid with conductivity in range 300–350 µS/cm
reached the capillary end the discharge current as measured by the power supply in-
creased immediately from 100 to 200 µA, and corona turned to the transient spark
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discharge. Despite DC powering transient spark discharge is a self pulsing one with
pulses waveforms similar to charging capacitor followed with voltage breakdowns (see
figure 9.2). The period between “chargings” and breakdowns were characterized with
constant voltage equal to the one set by the power supply. This period corresponded to a
positive corona discharge, while the breakdown corresponded to the transient spark [31].
Moreover, low amplitude short pulses were observed as a result of insufficient preion-
ization of the discharge channel. Current pulses were observed during each breakdown
and their duration was predicted to be ∼ 10− 100 ns, however their amplitude was not
determined due to insufficient oscilloscope resolution.

Figure 9.2. Voltage and current pattern of the transient spark discharge during electro-
spraying of the carrier liquid.

The treated surface was placed on the rotating table 3 cm beneath grounded electrode
into the sterile plastic box. The box cover was penetrated with a � 12 mm hole, where
the grounded electrode was glued. The treated surface was rotated with an angular
velocity of 6 rpm. Two different kinds of sprayed liquids were used in this experiment:
5% Polysorbate 80 in DI water solution as a carrier liquid (CL) of essential oil; and CL
with defined amount of oregano essential oil (OEO). Carrier liquid was prepared by
adding 0.5 ml of Polysorbate 80 to 9.5 ml of sterile DI water and was mixed together
in the ultrasound bath for 45 minutes. Polysorbate 80 is a polar diluent, which allows
to mix water and an oil together to obtain emulsion.

Preliminary measurements of spraying quality were performed by coloring of each
kind of liquid with 10 µl/ml of Almar blue; the colored liquid was then electrosprayed
onto a filter paper placed on the rotated table in a cover of �9 cm Petri dish. The test
was provided before each experimental set to control setup parameters, particularly the
distance between the anode end and the Teflon capillary (see figure 9.3). Setup was
considered as acceptable if the filter paper surface was sprayed homogeneously and no
large drops were observed (see figure 9.3(b)).

9.3.2 Experimental procedure
Essential oils were used in this study as natural compound to inactivate food borne
pathogens on the surface in vitro (on agar) and in vivo (on spinach leaves). As it was
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Figure 9.3. Setup testing by electrospraying of the carrier liquid colored with 10 µl/l of
Almar blue onto the filter paper for different distances between the ends of anode and

Teflon capillary: 1 mm (a), 2 mm (b) and 3 mm (c).

already mentioned, high load of EOs can change the taste of food, that may lead to
decrease of its quality. That is a reason, why minimalization of inhibitory concentration
of EOs is required.

Information related to MIC of Origanum vulgare needed to inactivate microorgan-
isms depends on a bacterial stain and a method used for MIC detection. For example
Kloucek et al. [251] in their report dedicated to a fast screening method of MIC indica-
tion reported 62.5 µl/l MIC of Origanum vulgare to inhibit 106 CFU/ml of S. aureus in
vitro. Minimum inhibitory concentration reported by other authors varies depending on
the method used to evaluate MIC, used microorganism and purchased essential oil (dif-
ferencies were observed either within Origanum vulgare thoughout different contries).
For example Nedorostova et al. [331] reported MIC of 17 µl/l for S. aureus and 66 µl/l
for E. coli inactivating 105 CFU/ml. Eukaryotes are more resistive to EOs and MIC to
inactivate them is usually larger comparing to MIC needed to inactivate bacteria. MIC
of Origanum vulgare to inactivate at least 105 CFU/ml of (C. albicans) was reported
to be 600 µl/l [332].

All reported values were measured using vaporized essential oils in the closed volume
of a �9 cm Petri dish with 0.5 cm solidified agar, that corresponds to effective volume
of approx. 63.5 ml (considering 1.5 cm as a height of Petri dish).In the performed study
94.4 µl/l was used as corresponding vaporized concentration, or 6 µl of OEO per �9 cm
Petri dish. According to medium losses during the electrospraying the exact value was
at least 15% lower (e.g. 80.24 µl/l).. In vitro surface decontamination

Decontamination effect of plasma activated essential oil in vitro were studied
using 4 different microorganisms: a gram-negative E. coli, a gram-positive S. au-
reus, a radiation-resistive D. radiodurans and a yeast C. albicans. Petri dishes
(�9 mm) with Sabouraud1) (for yeast) or Mueller-Hinton2) (for bacteria) agar were
inoculated with 1 ml of bacterial or yeast suspension3) and was dried in the flow

1) Sabouraud dextrose medium contains peptone (10 g/l), dextrose (40 g/l) and agar (15 g/l). 65 g of
powder purchased from Oxoid CZ s.r.o. was added to 1 l of DI water, autoclaved, loaded onto sterile Petri
dishes and solidified before use
2) Mueller-Hinton agar contains beef extract (2 g/l), casein hydrolysate (17.5 g/l), starch (1.5 g/l) and
agar (17 g/l). 38 g of powder purchased from Oxoid CZ s.r.o. was added to 1 l of DI water, autoclaved,
loaded onto sterile Petri dishes and solidified before use
3) “Bacterial” suspension will be used to refer the suspension of any type of microorganism further in the
text
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box prior to the treatment. Concentration of microorganisms in the suspension was
103, 104, 105, 106, 107 or 108 CFU/ml in order to determine the maximal inactivated
concentration. Surface was considered as decontaminated if the inhibition zone (the
zone without bacteria) covered at least 80% of the � 9 cm Petri dish.

Dried agar surface was treated in one of four different ways:
1 electrosprayed with CL;
2 electrosprayed with CL+OEO;
3 mechanically sprayed with CL;
4 mechanically sprayed with CL+OEO.
The period of plasma treatment corresponded to CL amount, while the volume of

OEO in CL was always 6 µl per a sample. To evaluate the optimal amount of carrier
liquid E. coli was used. 1 ml of bacterial suspension was inoculated on the agar surface
in different concentrations and was then inactivated by electrospraying of 100, 150 and
200 µl of solution (CL or CL+OEO). Considering the constant flow rate of 50 µl/min
these values corresponded to 2, 3 and 4 min of plasma treatment.

Once an inoculated Petri dish was treated, it was closed in-hermetically with its
cover and placed into the thermostat set to 37◦ C for overnight cultivation. The size of
inactivation zone was then evaluated.

Maximal inhibitory zone was observed for 4 minute treatment (200 µl of overall
volume) and was referred to uniform surface covering with drops of activated liquid
(for more information see results section). All further experiments both in vitro and in
vivo were done using 200 µl of CL or 194+6 µl of CL+OEO.. In vivo surface decontamination

In vivo experiments were provided on Spinach leaves. The experimental procedure
was as follows:

1 Sample cleaning: Fresh spinach leaves were bought in the supermarket in the
morning of experimental day. Undamaged leaves were selected, hanged with a
needle on a sewing, cleaned with DI water and sprayed with 200 µl of 70% ethanol
from each side. Ethanol treated spinach leaves were dried in the flow box.

2 Preparation: Cleaned leaves were carefully cut to area of approximately 5 cm2

and placed to sterile � 9 cm Petri dish. 50 µl of sterile DI water was dropped
underneath the leaf to assure better leaf attachment.

3 Inoculation: Each leaf was uniformly inoculated with 100µl of E. coli suspension
(concentration 107 CFU/ml) using mechanical sprayer. Petri dishes with inocu-
lated spinach leaves were closed with lid (not hermetically) after 15 minutes.

4 Treatment: Loaded Petri dishes were then divided into 5 groups: four groups
were treated with elecro- or mechanical spraying of CL or CL+OEO and the
fifth one was left untreated (control group). All samples were closed immediately
after treatment with a Petri dish cover and was coated with an elastic tape to
seal activated solution vapor inside. Samples were left at the room temperature
(approx. 23± 3◦C) for 10 minutes or 10 hours.

5 Evaluation: Each spinach leaf was washed in 3 ml of sterile normal saline solution
(9 g of NaCl in sterile DI water) by vortexing it for 60 s. The drop test and classical
cultivation test were then provided.. Chemical or structural changes of oregano essential oil

Concentration of NO−
2 , H2O2 and pH of elecrtosprayed solution were measured using

DI water as a model liquid. Despite low conductivity of DI water (< 10 µS/cm) the
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average current of the discharge reached 200 µA and the self pulsing mode with transient
sparks was established using identical experimental setup.

To investigate whether essential oil components changed with plasma treatment,
FTIR GAR and ATR spectra were recorded for plasma treated and untreated CL,
CL+OEO and pure OEO.

The FTIR spectra were measured for following samples: carrier liquid (5% Polysorbat
80 solution in water), carrier liquid with essential oil and pure essential oil; each sample
was measured before and after plasma treatment.

At least 1 ml of the sample was needed to provide measurements of FTIR (GAR
or ATR) spectra. Each sample was gathered by parts during 8 separately provided
exposition. Concentration of essential oil in carrier liquid was equivalent to 6 µl of OEO
in 194 µl CL (3% of OEO in CL). Treated sample was collected to a glass test tube
after each single treatment to avoid consequent remote plasma treatment. Samples
were then sent to Czech Academy of Sciences, Institute of Physics for spectroscopic
measurements.

9.4 Results and discussion
9.4.1 Chemical and spectroscopic analysis

Deminiralized water (σ = 3 µS/cm) was used as a model liquid to investigate basic
chemical properties of electrosprayed solution. pH of the DI water electrosprayed into
the collecting test glass through the transient spark discharge was equal to 4.2 ± 0.3.
Concentration of H2O2 and NO−

2 were 87 ± 0.2 µmol/l and 0.512 ± 0.031 mmol/l re-
spectively. We assume presence of nitrates in small concentrations in the solution as a
result of dissolution of nitrogen oxides formed in the gas-phase from air.

The amount of hydrogen peroxide measured in the model liquid is below reported
lethal threshold for bacteria [309]. Nevertheless, it is an evidence of DNA damages
occurred in E. coli as a result of Fenton chemistry even when c(H2O2) = 50 µmol/l
[316, 333]. Transient spark was generated in ambient air and we can assume generation
of superoxide radicals in activated model liquid. This assumption predicts formation of
hydroxyl radicals through the Haber-Weiss reaction:

O−•
2 + H2O2 → O2 + OH− + OH•. (9.1)

The reaction results with formation of extremely short lived hydroxyl radical, which
is highly toxic to bacteria. Moreover, the electrode used in the experiment is made of
copper, which is transient metal and is known to induce Fenton reaction, which results
to formation of hydroxyl radical as well (see section 5.2.2 for more information):

Cu+ + H2O2 → Cu2+ + OH− + OH•. (9.2)

Plasma generated in liquid or in gas-liquid interface is known to induce phenol degra-
dation, that can play an essential role, due to the fact, that carvaclol is a phenol (see
Figure 9.4). The main mechanisms of phenol degradation induced by plasma are sum-
marized in [32]. The oxidation pathways strongly depend on pH and availability of the
suitable oxidants and reductants, when there are two basic pathways leading to ring-
opened products or to generating of hydroxylated products of phenol such as catechol or
hydroquinone. Ozone generated in transient spark discharge in gas-liquid interface at-
tacks the phenol ring and induce its opening or another degradation process. Moreover,
presence of nitric ions can lead to nitration and nitrosation of phenol [32].
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Figure 9.4. Carvaclol, thymol and p-cymene.

Changes in phenolic compound of essential oil mentioned above should be seen in
the measured spectra. One of the possible changes, could be degradation of carvaclol
to p-cymene by the loss of hydroxyl group.

Nevertheless, no significant changes in absorbency and a spectra pattern were ob-
served for any samples (see figures 9.6 and 9.7). We assume that no measurable changes
on phenols (carvaclol and thymol) were induced as a result of plasma treatment. How-
ever, the color of oregano essential oil in Polysorbate 80 solution changed from bright
white to lightly yellowish 9.5. More chemical investigations using for example GC-MS
technique should be done for deeper understanding of changes in the oil structure.

Figure 9.5. Changes in color of oregano essential oil suspended in carrier liquid before
(left) and after (right) plasma treatment.
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Figure 9.6. GAR FTIR spectra of carrier liquid (top) and carrier liquid with oregano
essential oil (bottom) before and after plasma treatment.
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Figure 9.7. ATR FTIR spectra of carrier liquid with oregano essential oil (top) and pure
oregano essential oil (bottom) before and after plasma treatment.
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9.4.2 Bactericidal effects of electrosprayed OEO in vitro

As it was already discussed above (Section 5.6), essential oil should be in direct con-
tact with a microorganism to inhibit its growth [253]. That was the reason for using
mechanically sprayed OEO+CL solution onto inoculated agar surface instead of disc
volatile method described elsewhere [251, 331–332]. Efficiency of mechanically sprayed
OEO+CL was 3 log10 of bacteria and 2 log10 of fungi reduction and it was independent
on the amount of carrier liquid.

The carrier liquid was electrosprayed onto inoculated agar surface in order to examine
its biocidal properties. The test was provided for series of �9 Petri dishes inoculated
with 10, 100, 103, up to 108 CFU/Petri dish. The efficiency of bacteria growth inhibition
by plasma activated carrier liquid was less than 3 log10 reduction and was observed in
the middle of the sprayed surface. Bacteria inactivation strongly depended on liquid
drop position. We assume, that long-lived plasma generated reactive species in gas
phase did not play a significant role in plasma induced bacteria inactivation. On the
other hand, plasma activated 5% Polysorbate 80 in DI water carried ROS and RNS,
that caused stress to bacteria and decreased their resistance and viability.

Inactivation rate obtained with plasma treated essential oil was significantly higher.
It depended on period of plasma treatment and as a result on amount of carrier liquid
used to solute OEO. Amount of carrier liquid (CL) corresponded directly to period of
plasma treatment due to the constant flow rate (50 µl/min). The size of inhibition
zones appeared on agar inoculated with bacteria or fungi increased with respect to the
time of treatment, and are shown in figure 9.8. The observed effect was ascribed to
better covering of the agar surface with plasma activated solution. Bacteria reduction
rate obtained by mechanically and electro-sprayed solutions are shown in table 9.1.

Mechanical spraying Electrospraying
Bacteria CL CL + OEO CL CL + OEO
E. coli 0 3 2–3 8
S. aureus 0 3 2–3 8
C. albicans 0 1 0 7
D. radiodurans 0 3 2 8

In vivo surface decontamination
E. coli (after 10 min) 0 2 2 3
E. coli (after 10 h) 0 2 2 5

Table 9.1. Bacteria reduction induced by electro- and mechanically sprayed carrier liquid
with and without OEO. Reduction is written in orders of magnitude (log10). 200 µl carrier
liquid or 194 + 6 µl carrier liquid + oregano essential oil was sprayed mechanically or

through the transient spark discharge.

The electrospraying process induced reactive species chemistry processes in the
treated liquid [145], as it was discussed in the Section 4; hence, treated liquid can be
referred as PAW. PAW in contact with bacteria leads to oxidative stress and cause
cell membrane degradation. Moreover, bactericidal components of oregano essential
oil were also activated with plasma; however, the mechanism of their activation is
uncertain.

We suggest the following three stepped mechanism of bacteria inactivation with
plasma activated essential oil in aqueous carrier liquid.

Essential oil suspended in the carrier liquid creates an emulsion with micelles, that
are activated with plasma and can carry not negligible amount of charge to bacteria.
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Figure 9.8. In vitro inactivation of bacteria and fungi by oregano essential oil electrospray-
ing through a transient spark discharge. Load of the microorganisms per a Petri dish was

108 (top) and 107 CFU.

Bacteria on the surface are solvated with water molecules, that prevents the hydropho-
bic essential oil to contact bacteria membrane directly. Nevertheless, the charge carried
with micelles and PAW itself may disturb the water screening and open bacterial mem-
brane for carvaclol.

In direct contact with the cell membrane phenolic compounds of OEO can occupy
the space between the fatty acids chains in the hydrophobic phase of the cell membrane
and lead to changes in conformation of lipids. Moreover, once carvaclol is inserted in-
side the lipid bilayer it accumulates there, that lead to membrane expansion and as a
result causes disturbances of van der Waals interactions between lipid chains resulting
with membrane fluidization. An expansion of the membrane may result with mem-
brane destabilization and possible ion leakage outside or inside the cell [240, 334]. This
process leads to decrease of cell potential and pH gradient between inner and outer cell
environment and may cause lethal cell damage.

Moreover, bacteria cells with fluidized membranes are supposed to be more acceptable
to stress factors of plasma activated water, such as reactive nitrogen and oxygen species,
or low pH.

9.4.3 Inactivation of E. coli on spinach leaves
In vivo E. coli inactivation was performed on the surface of fresh spinach leaves by
mechanically and electrosprayed oregano essential oil (see table 9.1). The drop test
calibrated by conventional cultivations on M-H agar was used (see figure 9.9).

At least 3 log10 reduction of bacteria was reached after 10 minutes, while 5 log10
reduction was observed after 10 hours of spinach exposure to plasma treated essential
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Figure 9.9. Example the 6×4 matrix drop test evaluation of bacteria inactivation in vivo.
Control sample with 107 CFU/ml washed from freshly inoculated spinach leaves (left),

bacteria reduction induced by electrospraying of CL (middle) and CL+OEO (right).

oil. 5 log10 reduction is comparable to that one reached in vitro. Mechanically sprayed
essential oil and electrosprayed carrier liquid inactivated less than 2 log10 bacteria both
after 10 minutes and 10 hours of bacteria exposure to treated liquids. Mechanically
sprayed carrier liquid did not cause any bacteria inactivation comparing to the control
group.

There are several possible reasons of lower efficiency of plasma activated essential oil
on bacteria on the spinach leaves surface. Bacterial suspension on spinach leaves was
not spreaded homogeneously as it was performed on the agar surface, and as a result it
did not dry completely by the time of plasma treatment. Moreover, the leaves surface
was not as smooth as the surface of agar. Liquid layer provided bacteria with a better
aqueous screening preventing essential oil and its components to interact with the cell
membrane.

Moreover, the period of bacteria exposure to plasma activated essential oil seems to
play an important role in an inactivation process. One of the possible explanation of
this fact is that essential oil is effective as a antimicrobial agent in gas phase and needs
some time to vaporize. Carvaclol accumulation in the lipid bilayer takes time as well.
Furthermore, bacteria in the liquid medium on the spinach surface migrate and can be
deposited in layers.

Nevertheless, bacterial load of ready to eat food is usually less then 100 CFU/ml,
that means that 3 log10 reduction can be consider as sufficient.

Possible application of the method described in this section is antimicrobial coating
of food packaging prior to its usage with ready to eat leaves (spinach, salad etc.).
Leaves are usually packaged hermetically to humidify food properly. According to a test
made within this study no significant effect on the wither period of spinach leaves was
observed. Several spinach leaves were washed in the sterile aqueous solution (4% NaCl)
and were then placed into the ziplock bag. Spinach was then electro or mechanically
sprayed with CL, CL+OEO or normal saline solution (control group), filled with some
amount of air and closed hermetically. No significant differences in leaves appearance
was observed even after 20 days of storage (see figure 9.10).
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Figure 9.10. Spinach leaves in ziplock bag treated with different solutions after 10 days
of storage in the refrigerator: a. control sample mechanically sprayed with normal saline
solution; b. and c. mechanically sprayed with CL and CL+OEO; d. and e. electrosprayed

with CL and CL+OEO.
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Chapter 10
Conclusion

Non-thermal atmospheric pressure plasma is a source of different plasma agents, such
as charged particles, reactive species, UV light, electric field, heat, etc. They can
induce bacterial damage, which can lead to bacteria inactivation or entering the VBNC
state. Precise mechanisms of bacteria and fungi inactivation are the topic of great
interest, as they are still not completely understood. Variety of non-thermal plasma
sources makes accurate explanation of plasma induced bacterial damage even more
challenging. Moreover, bacteria are usually covered with aqueous layer or contaminates
aqueous media that requires understanding of complexity of plasma-liquid interaction
and processes.

This thesis is focused on the combination of basic and applied research of processes
induced by plasma in liquids, and their effects on bacteria and fungi. Three different
plasma sources have been used to investigate plasma induced bacterial damage within
three different exeperiments. DC-driven plasma jet working in air designed by Kolb
et al. [81] was used to examine influence of electrode material on biocidal properties
of plasma activated water. RF-driven micro atmospheric pressure plasma jet (µAPPJ)
[65] was used to inspect mechanisms of bacterial damage in He + O2 atmosphere with
absence of nitrogen. And finally, the transient spark discharge in ambient air, ignited
in the electrode arrangement designed by the author of this thesis and inspired by the
setup reported by Machala et al. [24], was used to electrospray oregano essential oil
onto spinach leaves surface to figure out possible pathways of essential oil activation
with DC discharge.

Bactericidal properties of plasma activated liquids (referred as PAW and discussed
in the chapter 4 depend on plasma source, working gas, used atmosphere and activated
medium; moreover, inactivation efficiency depends on the microorganism and its growth
phase, duration of plasma treatment and the period of bacteria exposure to the activated
medium. Mechanisms of bacteria inactivation induced by chemical processes in PAW
and can vary with respect to all parameters mentioned above. However, it is possible to
generalize that all microorganisms exposed to PAW experience oxidative stress. There
are several common parameters, that are used to characterize PAW: concentration of
hydrogen peroxide, concentration of nitrites and nitrates and pH. Hydrogen peroxide
is generated in the liquid, if plasma and/or liquid is in contact with oxygen. And RNS
(nitrites and nitrates) are detected in PAW, in case the working gas or experimental
surrounding contains nitrogen. At least small acidification of the unbuffered aqueous
solution is observed for any kind of plasma treatment.

The brief recapitulation of each setup and depiction of key conclusions are provided
below.. Pathways of bacteria inactivation with water activated by DC-operated plasma

jet
DC-operated plasma jet with coaxial electrode arrangement was operated under-

water with imminent contact of treated sample with grounded nozzle. Three noz-
zles made of different materials (stainless steel, copper and titanium) were used
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to evaluate dependency of PAW bactericidal properties on the metal ions released
from the electrode. E. coli in exponential growth phase was added to the activated
water within 5 minutes after plasma treatment.

DC-operated plasma jet is a specific device, which allows to prepare PAW with
different properties depending on power dissipated in expelled plasma. PAW pre-
pared with low average dissipated energy did not contain any hydrogen peroxide and
only small amount of nitrites (< 10 µmol/l). PAW with these parameters was not
supposed to induce lethal bacteria damage. Nevertheless, 3 log10 reduction of E. coli
after 90 minutes of its persistent in PAW prepared with copper nozzle was observed.
This fact was attributed to the copper toxicity.

On the other hand, plasma plume with raised average energy generated at least
small amount of hydrogen peroxide in water; moreover, concentration of measured
RNS increased as well with simultaneous decrease of pH below 3.3. Two main bac-
tericidal pathways were proposed in this case:

1 generation of hydroxyl radical through the Fenton reaction of hydrogen peroxide
and heavy-metal ions (Fe2+ and Cu+). The reaction results in OH• radical
formation, that has strong oxidizing potential and extremely short half-life. It
is known to be the strongest oxidant inducing various oxidation processes, e.g.
lipid peroxidation, DNA damage, etc.

2 Bactericidal effect of peroxinitrite formed by the reaction of H2O2 and NO−
2

under acidic conditions. Kinetics of this reaction strongly depends on pH value
with threshold at 3.3.

Bactericidal properties of PAW prepared with DC-operated plasma jet strongly de-
pended on the nozzle material. Maximal bacterial reduction rate was observed in the
case of stainless steel nozzle and was > 5 log10 after 60 minutes of bacteria exposition
to the PAW. The same bacterial reduction was reached after 90 minutes bacterial
exposure to the PAW prepared with the copper nozzle. In both cases the Fenton
reaction proceeded. Nevertheless, the PAW prepared with titanium nozzle was not
that efficient with maximal bacteria reduction equals to 3 log10. This inefficiency was
ascribed to the fact, that titanium ions do not catalyze Fenton chemistry, and as a
result no or negligible amount of hydroxyl radical was formed. Bactericidal effect of
this PAW was attributed to acidified nitrites and mainly to short-lived peroxinitrites,
as the pH value was ≤ 3.3.. Bacteria inactivation pathways in PAW generated by µAPPJ

µAPPJ operated in He + O2 gas mixture was used to treat 3 ml of bacterial solu-
tion. Treatment was provided in the closed and defined atmosphere with absence of
ambient air, i.e. nitrogen. No reactive nitrogen species were supposed to be generated
in PAW. Chemical analysis was performed using different model liquids (DI water
with 500 µmol/l of phenol and pure DI water) and results were published in [73].
Bacterial inactivation properties were studied in dependence on the treatment time.
Bacteria were washed immediately after plasma treatment and no post-discharge
treatment was assumed.

According to obtained results, that are discussed in the Chapter 8, bacteria suffered
oxidative stress and probably entered the viable but non-culturable state. VBNC
state was possibly caused mainly by plasma induced hypersensitivity to hydrogen
peroxide. It seemed that increase of membrane permeability as a result of lipid per-
oxidation and pore formation was not the reason of bacterial death. Nevertheless,
oxidative stress induced by µAPPJ prepared PAW caused changes in melting tem-
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perature of DNA strands, which indicated damages on DNA and possible bacterial
mutations.. Bactericidal properties of plasma activated oregano essential oil

Electrospraying of natural decontaminant (essential oil) through the transient
spark discharge was used to examine bactericidal properties of essential oils activated
with plasma. Essential oils in general as well as oregano essential oil in particular are
known for their antiseptic properties, i.e. bactericidal, fungicidal, analgetic, sedative,
etc., and are usually used in vaporized phase. However, vaporization is highly time
consuming process and takes up to 72 hours, depending on experimental conditions.
The transient spark discharge was used to decrease the time needed to provide bac-
teria and fungi inactivation (in this experiment from 12 hours to 4 minutes) and at
the same time to induce processes, which can lead to gain more efficient bactericidal
effect of OEO.

Transient spark discharge was used to evaluate possible advantages of plasma
treated essential oils in order to decontaminate food borne pathogens in vitro and
in vivo on spinach leaves. 5% Polysorbat 80 solution was used as a carrier liquid to
carry essential oils and plasma induced reactive species to the contaminated surface
through electohydrodynamics atomization technique. Small amount of essential oil
in carrier liquid (6+194 µl) was electrosprayed through the transient spark discharge
for 4 minutes to cover the contaminated surface completely.

Up to 8 log10 reduction of bacteria and 7 log10 of fungi was observed for in vitro
experiments. Nevertheless, inactivation rate obtained by PAW electrospraying in vivo
was equal to 3–4 log10. Author hypothesized that lower inactivation rate was caused
by not homogeneous structure of spinach leaves and as a result not homogeneous
distribution of bacterial solution on the surface, and short time of bacteria exposure
to PAW, as the leaves were washed 10 minutes after the treatment.

Increase of bactericidal efficiency of plasma activated OEO were ascribed to the
charge cumulated on the micelles and transported onto the surface. Such complexes
disturb water molecules screening bacterial cell, providing free contact and diffusion
of essential oil through the hydrophobic lipid bilayer. Moreover, plasma is assumed
to induce acidification and ROS and RNS formation in the aqueous carrier liquid.
These factors were supposed to lead to oxidative stress of bacteria and also contribute
to the cell death.
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with non-thermal plasma treatment on bacteria and yeasts”. 1. 09 – 28. 10. 2015..M. Lavalhegas Hallack from University Campinas - UNICAMP, third year bachelor
student. Voluntary research on topic “Effects of low temperature plasma on biological
organisms”. 2. 01 – 31. 03. 2014.

Supervising of undergraduate students

.J. Říha, High school of electrical engineering in Prague, Long term experimental work
at biocidal effects of non-thermal plasma. Defended in 2016 (in Czech language).
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thermal plasma in medicine” within the regular course of Physics for Therapy (main
course for Biomedical Engineering Master program at FEE, CTU in Prague) - started
at 2014/2015 summer semester..Popular laboratory exercises for high school students on topic of biocidal properties
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Appendix B
Used symbols and abbreviations

B.1 Symbols

d Distance (!zmenit u warburga na l).
d Thickness of the cell membrane.

f , (fg, fr) Fluorescence (at 530 and 630 nm).
Ft Force.
h Planck constant.
j Current density.
m Mass.
r Radius.

T , (Ti, Te, Tn) Termodynamic temperature (of ions, electrons or neutrals).
t Time.
V Voltage.
Vcr Critical voltage.
Vt Volume treated.
φ Charge potential.
ν Photon frequency.
� Diameter.

B.2 Abbreviations

AC Alternating current.
APPJ Atmospheric pressure plasma jet.

AT Adenine-thymine Watson-Crick base pair (in DNA).
ATP Adenosine triphosphate.
CFU Colony forming units.

CL Carrier liquid.
COST European cooperation in science and technology.
DBD Dielectric barrier discharge.

DC Direct current.
DFE Dielectric free electrode (jet).

DI water or DIW Deionized water.
DNA Deoxyribonucleic acid.

dNTP Deoxynucleotide.
dsDNA Double stranded deoxyribonucleic acid.
EHDA ElectroHydroDynamic atomization.

EO Essential oil.
FE-DBD Floating electrode dielectric barrier discharge.
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FTIR-ATR Fourier transform infrared spectroscopy - attenuated total reflection.
FTIR-GAR Fourier transform infrared spectroscopy - grazing angle reflection.

GC Guanine-cytosine Watson-Crick base pair (in DNA).
GC-MS Gas chromatography - mass spectrometry.

HNE 4-hydroxynonenal.
HTP High temperature plasma.
HV High voltage.

L/D Live/dead fluorescence signal ration.
LB Luria-Bertani (agar or broth).

LPO Lipid peroxidation.
LTP Low temperature plasma.

µAPPJ Micro atmospheric pressure plasma jet.
MCSD Microcathode sustained discharges.
MDA Malondialdehyde.
m-FC Fecal coliform (agar base).
M-H Muller-Hinton (agar or broth).
MIC Minimal inhibitory concentration.

mRNA Messenger ribonucleic acid.
MT Mass transfer.
MW Microwave.
NAI Negative air ions.

NED N-1-napthylethylenediamine dihydrochloride.
NTP Non-thermal plasma.
OEO Oregano essential oil.
PAW Plasma activated water.

PB Phosphate buffer.
PBS Phosphate buffered saline.
PCR Polymerase chain reaction.
PET Polyethylene terephthalate.

pH Potential of hydrogen (scale to specify acidity).
PI Propidium iodide.

POM Polyoxymethylene.
PUFA Polyunsaturated fatty acid.
qPCR Qualitative polymerase chain reaction.

RF Radio frequency.
RFU Relative fluorescence units.
RNS Reactive nitrogen species.

RONS Reactive oxygen and nitrogen species.
ROS Reactive oxygen species.
RVA Resazurin viability assay.

S agar Sabouraud dextrose agar.
SA Sulfanilamide or Suldanil acid.

SE jet Single electrode jet.
SS Stainless steel.

ssDNA Single stranded deoxyribonucleic acid.
SYTO9 Green fluorescent nucleic acid stain.

TBA Thiobarbituric acid.
UV Ultraviolet radiation.

UV-A UV with wavelength 315 – 400 nm.
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VUV Vacuum UV with wavelength 10 – 200 nm.

VBNC Viable but nonculturable (state of bacteria).

B.3 A note considering terminology
Sterilization Probability of live organisms in volume or on surface. Sterility should be

proved by a suitable and validated production process. Sterility assurance
level (SAL) is described as a probability of one not sterile item in a group.
Widely accepted pharmaceutical sterilization is SAL=10−6, that stands
for maximum 1 not sterile item in a million. The term is usually used
in plasma treatment technology to describe its efficiency. The reported
efficiency of plasma treatment is far from SAL=10−6; therefore, the term
decontamination or inactivation is more suitable [??].

Decontamination Freeing a volume or surface from some contaminating substances such as
bacteria, yeasts, etc.

Inactivation The process of destroying or removing an activity or effects of an agent,
substance or microorganism.

Viability Capability of living. Viable cells are those with functional metabolism
and/or respiration; however, it does not mean that such cells will create
visible colonies.

Culturability Ability of microorganisms to form visible colonies on defined growth
medium.

Plasma jet Gas discharge, which is operated in a non-sealed electrode arrangement
and projected outside the electrode arrangement into the environment
[50].

APPJ Abbreviation for Atmospheric Pressure Plasma Jet, which was originally
introduced for RF-generated plasma jets in helium and argon with bare
electrodes but mean- while also used for other plasma jet configuration
[71].

116


	TITLE
	Acknowledgement/Declaration
	Abstrakt/Abstract
	Contents/
	Tables/Figures
	Introduction 
	Non-thermal atmospheric pressure plasma sources for microbiological applications 
	Corona and transient spark 
	A note regarding electrospraying 

	Dielectric barrier discharges 
	Atmospheric pressure plasma jets 
	{{greekrm char 22 }APPJ} 
	DC driven plasma jets 

	MW-driven plasmas 

	Plasma agents for bacteria inactivation 
	Charged particles 
	Reactive species 
	UV light 
	Heat 
	Electric field 

	Bactericidal effects of plasma activated water 
	Microbiology 
	Phases of bacterial culture growth 
	Oxidative stress 
	Lipid peroxidation as a result of oxidative stress 
	Transition metal catalytic ROS production 

	Bacteria damage induced by transition metals 
	DNA damage induced by oxidative stress 
	VBNC state as a response to stress 
	Bacterial damage induced by organic compounds 
	Biological effects of essential oils 


	{Methods} 
	{Basic chemical analysis} 
	{Griess reagent assay} 
	{Detection of hydrogen peroxide} 

	{Bacteria analysis} 
	{Conventional cultivation test} 
	{Drop test assay} 
	{Resazurin viability assay} 
	{LIVE/DEAD BacLight$^{�am 0	enrm TM}$ viability assay} 
	{Thiobarbituric acid reactive substances assay} 
	{DNA isolation protocol} 
	{Quantitative analysis of DNA changes} 
	{DNA melting curves} 


	Pathways of bacteria inactivation with water activated with DC-operated plasma jet 
	Experimental setup 
	DC operated plasma jet 
	Jet stability underwater 
	Experimental procedure 
	Bacteria inactivation procedure 

	Results and discussion 
	Chemical properties of PAW produced by DC-operated plasma jet 
	Bacterial properties of PAW without hydrogen peroxide 
	Bactericidal properties of PAW with hydrogen peroxide 


	Bacteria inactivation pathways in PAW generated by {{greekrm char 22 }APPJ} 
	Experimental procedure 
	Bacteria inactivation pathways 
	Reactive oxygen species produced in PAW 
	Lipid peroxidation induced by ROS 
	Bacterial response to oxidative stress 
	Pore formation as a result of bacteria exposition to PAW 
	Changes on DNA strands 


	Bactericidal properties of plasma activated oregano essential oil 
	Essential oils as natural remedy 
	Non-thermal plasma combined with EOs in food preservation and medicine 
	Experimental setup 
	Electrode system 
	Experimental procedure 

	Results and discussion 
	Chemical and spectroscopic analysis 
	Bactericidal effects of electrosprayed OEO {�am itfam 	enit in vitro} 
	Inactivation of {�am itfam 	enit E. coli} on spinach leaves 


	Conclusion 
	References
	List of publications, grants and other academic activities 
	Publications 
	Activities in academic life 

	Used symbols and abbreviations 
	Symbols 
	Abbreviations 
	A note considering terminology 

	Glossary 

