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Chapter 1 )
Introduction to Nonthermal Atmospheric | o
Pressure Plasma: Physical and Chemical

Basis

Alexander A. Fridman, Michael Keidar, and Eun Ha Choi

Abstract Plasma bioscience and medicine today is an interdisciplinary division of
modern science and technology. It includes fundamental physics essential to develop
new plasma sources and its diagnostics applicable for biological applications, clin-
ical treatments, medicine to apply the technology not only on cells but also on the
whole organism and medical testing, and finally bioscience and environmental issues.
Nonthermal atmospheric pressure plasma can be efficacious in several biological
applications such as blood coagulation treatment, sterilization, tissue bioengineering,
modification of biomaterials, wound healing, agriculture, food processing, eradica-
tion of environmental issues, and various other applications. It is important to note
that this chapter explained the safety and stability of plasma devices used for various
applications, which is the main concern in this developing field. In the first part, the
history of plasma bioscience and medicine area including clinical trials in cancer and
other diseases is included. Specifically, in this chapter detailed diagnostic procedures
for various plasma sources and plasma-based substances are incorporated. The last
section of this chapter described optical emission spectroscopy (OES) for the reac-
tive species detection, measurement of the plasma electron density and temperatures
by interferometry and collisional radiative models, and rotational and vibrational
temperatures of molecules in plasma gases by using an Boltzman plot from optical
spectroscopy, the plasma radical densities by absorption spectroscopic method, and
the plasma parameters for industry biomedical plasma products.
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1.1 Introduction to Plasma Bioscience and Medicine

1.1.1 Plasma Medicine is a New Division of Medical Science
and Technology

Innovative concepts in medical technology give new possibilities: plasma bioscience
and medicine are certainly one of those hopes. Latest advancements in physics and
engineering have stemmed in several crucial clinical developments. Among several
clinical strategies that have been extensively reported in the earlier literature are
administration of high energy radiations, ultrasound, lasers, electromagnetic waves.
Plasma based strategies are comparatively newbie in the medical areas. Latest expo-
nential advances in electrical physics and engineering endorsed subsequent consid-
erable developments in the cold atmospheric pressure plasma area. Space-uniform
and controlled nonthermal atmospheric plasma devices turn out to be a reality. All
that created a prospect to safe and control application of plasma to organisms. All
that stimulated innovation of a new thrilling field of medicine—plasma medicine.
Investigations performed at various main academics and hospitals across the world
since from a decade shows that nonthermal plasma can deliver innovative solutions
of tricky health issues. Plasma is efficient in decontamination of various surfaces as
well as living tissues, sterilizes large amount of air and water, neutralizes hazardous
microbes together with those in food materials, and capable to halt severe hemorrhage
without affecting normal tissue. Plasma can be precisely utilized to induce wound
healing and to cure various diseases such as cancer, disorders related to various other
human body parts and organs. Nonthermal plasma is also shown to be efficient in
blood treatment to regulate properties of blood. It is also proved to be effective in
surface exposure for modification of various biological materials and subjects, in
diagnostics and even in pharma field by modifying characteristics of existing drug
molecules and producing a new one. These plasma discharges, significantly estab-
lished lately due to the promising developments in electronic engineering areas, is
obviously a potential tool to be delivered to health professionals for solving clinical
problems earlier unresolved. This is a foundation of great attention at the moment to
the plasma medicine, which is the subject of this article.

1.1.2 Controllability and Safety of Plasma

While discussing about the new plasma devices which are likely to be utilized to
humans, also for exposure of biological subjects in biomedical investigations, plasma
physicist must emphasize “controllability” and “safety” of these plasma sources. For
instance, the floating electrode dielectric barrier discharge plasma (FE-DBD) device
extensively utilized for clinical utilization, in Nyheim Plasma Institute, applies about
30-40 kV precisely to body (for example a photo of one of the founders of plasma
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bioscience and medicine with FE-DBD discharge, Fig. 1.1, [1]). Figure 1.2 illustrates
interaction of the DBD-based plasma jet with human body.

Definitely, “safety” and “controllability” of the plasma parameters are main
concern in this case. The uniform plasmas together with plasma based medical
sources established lately can be efficiently monitored and controlled, which is crit-
ical for maintaining doses of clinical treatment, and also for mechanism. With phys-
ical, chemical, and biological mechanisms understanding, plasma technology has
plenty of opportunities for effective therapies in clinics.

Plasma is indeed far from thermodynamic equilibrium. This non-equilibrium
ionized gas can be extremely “innovative” in contact with biological factors. As it was
originally shown in 1950s by Stanley Miller (Fig. 1.3) and other group members, this
discharge is capable to produce amino acids from methane and inorganic compounds.

Fig. 1.1 Non-thermal 40 kV
FE-DBD plasma was
maintained right between an
electrode and a person

Fig. 1.2 DBD-based
atmospheric pressure plasma
jet interacting with skin
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Fig. 1.3 Stanley Miller from University of Chicago in 1950s produced amino acids using inorganic
compounds and methane with plasma

It is quite feasible that nonthermal plasma as multi-parametric and strongly non-
equilibrium can be important for origin of life. Latest investigations demonstrate
regulated modifications of DNA after the plasma exposure extremely susceptible to
physical and chemical parameters of plasma. It describes the exceptional signifi-
cance of the “controllability” of physical factors and intense knowledge of processes
for fruitful development of the plasma medicine area. Accomplishment of plasma
technologies needs thorough knowledge of chemical, physician and biological mech-
anisms of the discharge interaction with biological subjects. Short of basic knowledge
of physics, chemistry and biology, the plasma medicine is under the risks of turn into
a modernized medieval magic (see Fig. 1.4).

1.1.3 Plasma Application to Biology and Medicine
Jrom the Very First Steps Till Today

Earlier, it was observed that discharges in ambience outcome in “strange smells”
affecting organism, and humans. These concepts and explanations, which are far
older than plasma bioscience and plasma physics concept itself, can be credited to
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Fig. 1.4 Son of Frankenstein, 1939, operating kind of gliding arc discharge plasma

investigation of famous chemist Martinus van Marum in year 1785 with discharges on
water. A famous German chemist Christian Friedrich Schonbein detected production
of the similar “strange pungent smell” and identified it as ball lighting. He separated
in 1839 the gaseous species accountable for this “unusual smell” and known as
“ozone”. This ionized gas applications in bioscience have been considerably intensify
in 1850s when Werner von Siemens initially used dielectric barrier discharge to
produce ozone for disinfection of water. Big scale of plasma-based sterilization or
disinfection has been realized few decades later, when the first plasma plant for water
supply was constructed in France Nice city. Remarkably, ozone was believed as an
electric discharge-based constituent: A California city even had as its formal saying
“Beaumont: Zone of Ozone” at that time.

First plasma discharge utilization to cure diseases can be credited to investigation
of French researcher Jacques-Arsene d’Arsonval in 1900s, as shown in Fig. 1.5.
The appropriate sources had been made possible by Nikola Tesla, who performed
with exceptionally high-frequency currents at high voltage, producing “remarkable
light phenomena which demonstrated safe to human being for direct exposure or
treatments”.

In early of 1900s in Germany, the plasma sources were more established for
the caloric treatment of humans (diathermy). A german researcher Rumpf created
a source which differed as of the French ones by applying a capacitively coupled
electrode comprising of a Leydener bottle which was exposed to skin of human. This
plasma source can be deemed the first dielectiric barrier discharge source in plasma
medicine. In the beginning of 1920s, thermal electrosurgical sources and then argon
gas based plasma coagulator became an significant move in clinical uses of plasma.
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Fig. 1.5 First “pre-historic”
steps of plasma medicine

Crucial preliminary progress in this path is linked to investigations of well known
American researcher William Bowie in 1920s.

In beginning of 1960s, patent reports and publications in journals began to emerge
around the world with a emphasis on nonthermal plasma decontamination, steriliza-
tion, regulation of bioativity of microbes, as well as properties of polymer biomate-
rials. Several relevant literatures started increasing in beginning of 1990s, also several
results presented in international conference at that time. On the basis of these prelim-
inary achievements, as well as revolutionary progress of new plasma sources capable
to be treat human body in clinics, the novel area of PLASMA MEDICINE was born
in early 2000s.

Plasma medicine today is an interdisciplinary division of science and engineering.
It includes physics essential to establish new plasma sources applicable for clinical
treatments, medicine to apply on human patients and testing, and finally bioscience
to acknowledge complicated biological processes and pathways involved in the treat-
ment. Brief review cannot describe major achievements of the plasma medical tech-
nology and related fields of plasma agriculture and food processing. The detailed
information on plasma medicine fundamentals and applications can be found in the
major reviews and books of Fridman et al. [2], Laroussi et al. [3], Fridman and
Friedman [1], Metelmann et al. [4], Toyokuni et al. [5], Keidar et al. [6], Kuo [7], Lu
et al. [8], Keidar [9].
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1.1.4 Plasma as a Helpful Tool for Medicine, Electric
Discharges in Plasma Medicine

Nonthermal plasmas are capable to generate high level of reactive species (e. g.
electrons, ions, atoms and radicals, excited atoms and molecules, and photons with
wide range). Large amount of reactive species are important for plasma uses as
plasma-based ignition and combustion, and plasma based ozone formation for water
disinfection. In clinical settings, production of the high-level active species can be
important, such as, for decontamination, and tissue bioengineering.

Cold plasmas, offering high concentration of the reactive species at room
temperature. This characteristic regulates elitism of plasma usage in electronics
productions: several components of advance computers, mobile phones, tv panels
(including plasma panel), and various other electronic devices are produced applying
nonthermal plasma technology. This crucial property also establishes extensive usage
of nonthermal plasma in treatment of biomaterials such as polymers: textiles, photo-
graphic sheets, packaging materials and many other applications. In clinical settings,
plasma generated high concentration of active species can be interesting, for instance,
for blood coagulation and modifications of blood components, disinfection of skin
and tissues, and ultimately wound healing and various disorders not efficiently cured
earlier. these definite plasma characteristics mentioned above permit important alter-
ation of traditional chemical and bio-chemical processes, permit crucial intensifi-
cation of their effectiveness, and efficacious to stimulate biochemical reactions that
cannot be achieved by traditional technologies.

Hot and cold plasmas both are very important for bio-medical applications. High
temperatures and energy densities characteristic for hot plasmas reveal their uses for
cauterization and tissue removal in the course of surgical procedure. These sources
extensively utilized currently in clinical procedure, including tissue disinfection.
Hot plasma in air also is very important to generate nitric oxide (NO), which estab-
lishes its use in the treatment of wounds and various other diseases. As mentioned
above, cold plasma facilitates production of exceptionally high concentration of the
reactive species, while keeping bulk temperatures as low as ambient temperature. It
regulates particular niche of the cold plasma, which is generally blood coagulation
and sterilization of skin and tissues, disinfection of clinical tools and materials and
devices, treating of polymers, tissue engineering, and conclusively various illnesses
not successfully cured earlier.

Mainly plasma based biomedical applications need operation at ambient pressure,
thus necessitate usage of atmospheric pressure plasma devices. The corona discharge
is well-known type of plasma. Corona discharge electron temperature is more than
1 eV, however gas temperature stays around room temperature. These plasmas are,
specifically utilized in treatment of polymers such as fabrics to support appropriate
adhesion before applying dyes.

Atmospheric pressure cold plasmas can be efficacious in blood coagulation and
treatment, sterilization, tissue bioengineering, modification of biomaterials, wound
healing, and various other diseases treatment. It is crucial to understand the safety
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of the device, not corona but more complex plasma sources such as DBD plasma or
Jet plasma used for various biomedical applications (see Figs. 1.1 and 1.2).

1.1.5 Plasma Chemistry: A Basic Foundation

Nonthermal plasma is a multicomponent system that is extremely active due to a
large amount of charged particles, excited atoms and molecules, reactive oxygen and
nitrogen species, and UV photons. Every plasma constituent performs its function
in plasma-based chemical kinetics. Such as electrons are typically first to get the
energy from the electric field and then disseminate it to other constituents. Varying
parameters of the electron gas density, temperature, and electron energy distribution
function usually allow a way to regulate plasma-based chemical reactions.

Ions are heavy particles, which are capable of give a major influence on plasma-
based chemical kinetics due to their capability to put down reaction activation
barriers. This feature is responsible for so-called plasma catalysis, which is espe-
cially critical in plasma-based combustion, hydrogen production, fuel conversion,
exhaust gas cleaning, and even in the treatment of cells and tissues.

Vibrational excitation of molecules usually makes the most important contribution
in the plasma-based chemical kinetics due to the high energy (1 eV) of the plasma
electrons delivering the majority of the energy in gases such as N,, CO, CO,, H; e.a.
into vibrational excitation. Modulation of plasma-based chemical kinetics via vibra-
tional excitation allows for achieving the ultimate values of energy efficiency. Elec-
trical excitation of gas molecules may also play a substantial role, particularly when
the excited molecule lifetime is extremely long. Thus, we can say plasma-produced
excited oxygen gas molecules O,('A,), efficiently contribute to the plasma-based
modification of materials and biomedical applications.

The role of atoms and radicals is noticeably important. Thus, we can point out that
oxygen atoms and hydroxyl radicals efficiently produced in air plasma discharges
can perform crucial functions in several plasma-based oxidation processes. Photons
generated by the plasma discharges as well perform significant roles in many
utilizations from plasma-based light sources to water sterilization.

Plasma is also a multi-parametric system together with a multicomponent system,
although it is far from thermodynamic equilibrium. Cold plasma discharges are
usually strong non-equilibrium systems. Concentrations of the reactive species
explained previous text can surpass several orders of magnitude than attained in
quasi-equilibrium systems at a similar gas temperature. Effective control of discharge
allows the direction of the chemical and biological process in the desired way,
selectively, and via the best mechanism. Regulation of plasma-based chemical
kinetics required a thorough knowledge of fundamental processes and kinetics of
the discharges.

As it was described previously, plasma-based chemical kinetics mechanisms are
quite complicated. While there is no doubt that, the level of complexity is way
higher in the case of plasma-based interactions with cells and tissues. The simplest
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method to approach this complex is to compare biological results of plasma, which
are under the not very old fundamental scientific research, with ionizing radiation
(IR). From the first look, there is a basic similarity between the molecular effect
of IR and nonthermal plasma. Important to note that both affect biomolecules and
organisms via the production of ROS. But there are also key differences in the
biological mechanisms induced by IR and cold plasma. Importantly, cold plasma can
produce several crucial active species that IR does not. Active species generated by
plasma includes reactive oxygen and nitrogen species, high level of ions, and strong
electric fields. Therefore, investigating the mechanism of the cold plasma treatment
must include characterizing the impacts of other species too. More remarkedly, IR
is high-energy penetrating radiation that produces reactive oxygen species within
cells and to a certain extent triggers immediate damage to cells. Nonthermal plasma,
on the contrary, does not directly produce reactive species intracellularly. It acts by
stimulating reaction chains that start in the plasma discharge. Then the effect of
plasma progresses via the extracellular medium altering biomolecules and initiating
molecular signaling, diffusing via cell membrane to generate noticeable impacts on
living organisms (Fig. 1.6).

Fig. 1.6 Nonthermal
plasma-induced FE-DBD plasma

bio-molecular processes:

Plasma components diffuse OH @
via a membrane from the @
extracellular media leading !

to intracellular biological
effects

Extracellular
Cell *. medium (ECM)
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The plasma-medical effect can be analyzed for simplicity as three phases demon-
strated in Fig. 1.6 where primary reactive species are produced inside of plasma
(first phase). Next, the reactive species are transferred from the gas phase into the
liquid phase, finally, the reactive species reach biological cells and activate extremely
complex intracellular biochemical processes via various molecular signaling (third
phase).

1.1.6 Applied Plasma Medicine

In many applications, nonthermal plasma technologies effectively compete with
traditional methods, such as fuel conversion, combustion, coatings, water purifi-
cation, cleaning of exhaust gases, etc. These plasma applications are fascinating,
commercially feasible and usually have made a significant impact on the progress of
our society. There is no competition or analogies of the most exciting applications of
nonthermal plasma. The plasma abilities in microelectronics processing are excep-
tional and distinctive. We would not have realized advanced computer systems and
mobiles without using plasma. Plasma stays a feasible and effective technology over
other traditional strategies. Tuning of plasma’s physical properties allows plasma to
meet challenges and resolve issues that cannot be resolved in traditional strategies.
In some cases, plasma processes are not very efficient, but exceptionally distinctive.
Such as other technologies cannot compete with ozone production by plasma (for a
century); definitely, we must think about thermonuclear plasma as a distinctive most
important energy source.

Similarly, plasma technology attracts considerable attention these days because
of opportunities to resolve clinical issues not solved yet, because of the possibili-
ties of treatment of disorders not efficiently treated earlier. The application of cold
plasma is capable to shift the paradigm in the medicine area. Those are hopes moti-
vating both fundamental plasma biology and applied to plasma medicine. In ancient
times, the application of plasma in the clinical field depends on the thermal effect
of discharges for tissue ablation, disinfection etc. Electrocautery is a new method
that utilizes regulated heat based on the current passing through the surface of the
tissue. However, there is a drawback of this technology treated tissue sometimes
adhered to the electrode and causes bleeding again. Plasma can be utilized as an
option over electrocautery technology. In case of coagulation, highly conductive
plasma is utilized for avoiding the difficulties in tissue adhesion. Thermal plasma is
used to cut tissue or skin, though the exact mechanism remains under investigation.
Plasma-based thermal effects have also been utilized lately for aesthetic purposes.
The main difference in recent applications of plasma over older ones is the utiliza-
tion of cold discharge effects. Cold plasma is an exciting and encouraging approach
to plasma medicine. The key explanation is that cold plasma-based outcomes can
be controlled for various biomedical purposes, for example, genetic transfection,
cell differentiation or activation, etc. Furthermore, cold plasma can be selective in
attaining a required outcome, with little or no side effects. That is why the recent
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applications such as coagulation and microbial inactivation which does not affect
surrounding cells and tissue.

A lot of specific cases show the efficacy of plasma-based wound healing and
treatments of various diseases demonstrated. One interesting case of plasma medicine
is related to plasma corneal infections treatment, a case when a patient life has been
saved as an outcome of plasma exposure. For this situation, a unique micro-plasma
source has been built by Dr. Dobrynin and Dr. Gostev for local treatment of skin
diseases, and corneal infections. They investigated thoroughly the effect of plasma
against bacteria and corneal infection in vitro and in vivo utilizing micro-plasma
treatment. The experiments confirm the effective bactericidal impact of this plasma
discharge with negligible changes to surrounding cells or tissue including delicate
cornea tissues. In this study on plasma-based treatment of corneal infection on rabbit
cornea, two crucial observations made: (1) plasma exposure showed immediate and
efficient bacteria inactivation effect, and (2) This plasma exposure also improved
wound healing and regeneration of tissues process. This investigation presented a
solid ground for an effective application plasma for the treatment of human patient
with complex corneal infection and wounds (Fig. 1.7).

Fig. 1.7 The outcome of

treatment (before—on top, -
after—on bottom) of plasma
exposure (shown in the
middle) of the complicated
ulcerated eyelid wound (in a

middle)

3plasma treatment sessions, 5 seconds each

Month following treatment
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Necrotic phlegm on the upper eyelid exposed by air gas plasma for 5s after every
few days. After two exposure sessions, the inflammation and edema decreased; and
after the third 5s session the plasma exposed area was patient is almost cured and a
regenerated tissue appeared. After the 6th session of plasma treatment, the patient was
discharged from the hospital (Fig. 1.7). These facts on the first thrilling and inspiring
investigation in the applied plasma medicine lead to an opportune moment to take
a step from the introduction to the following chapters dedicated to the biomedical
area.

As was mentioned, detailed information on plasma medicine fundamentals and
applications and especially on the first successful steps in plasma-medical technology
can be found in the major reviews and books of Fridman et al. [2], Laroussi et al. [3],
Fridman and Friedman [1], Metelmann et al. [4], Toyokuni et al. [5], Keidar et al.
[6], Kuo [7], Lu et al. [8], Keidar [9].

1.2 Plasma for Cancer Therapy

1.2.1 Background

Nonthermal atmospheric pressure plasma (NAP) could also called cold plasma is
emerging as a promising innovative modality for cancer therapy [6-9]. Cold plasma
action is exemplified in several ways, that are mainly related to active species gener-
ated in plasma and plasma-based electromagnetic fields by hitting target tissue. The
main hypothesis of plasma interaction with biological targets is based on the view
constituents of plasma are possibly cytotoxic, like ROS, which may stimulate a
“cancer-killing,” but RNS could show a “wound healing or immune activation”
effect. Developing different strategies using tuning of these modalities can offer
huge possibilities for targeting various signaling pathways in human cells. To this
end, it has been demonstrated that plasma exposure possesses potent abilities to
kill cancers in cell culture and animal experiments. Importantly, the same plasma
treatment shows no or negligible toxicity to normal cells [9]. All these biological
outcomes are related to plasma-based active species chemistry and other physical
properties. Although the role of active species generated by plasma for cancer treat-
ment described several times, however effects of charged particles and an electric
field are not properly investigated. Recent evidence suggests that physical factors
such as electromagnetic fields might play an important role [10—14]. These recent
observations suggest that multiple chemical and physical modalities exist in cold
plasma.

The chemical modality of the cold plasma effect on biological objects is related
to active species generation and their transport to the liquid phase from the plasma
gas phase and other biological barriers. Several active species generated by plasma
are important active constituents in cells [10]. It has been debated that the similarity
between plasma active species and biologically generated species signifies the main
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Fig. 1.8 Schematics of plasma interactions at multiscale levels. The magnified insert shows the
schematic representation of the plasma interaction with cells explaining selectivity

reason for the application of plasma in cancer treatment and those generated species
act as endogenous species in cells [10]. Plasma-generated reactive species show a
significant role in ‘redox’ biology [1].

The outline of plasma interaction with biological objects and schematics
explaining selectivity is shown in Fig. 1.8. One can see that plasma action is a
multi-scale transfer process traversing from the plasma generation at the nano to
micro-second, followed by reactive species generation and transport at the timescale
of seconds to minutes, ultimately initiating various signaling process inside cells at
hours and days.

Several main biological functions are related to active species. For instance,
Watson [11] indicated that reactive species are a “positive force for life” because of
their function in cell death processes such as apoptosis. concurrently, reactive species
are also well known “for their capability to permanently damage many crucial genetic
materials and proteins” As such, inside a healthy normal cell reactive species levels
are managed by the anti-oxidant machinery. To this end, Watson noticed that “Mostly
all physical or chemical agents such as ionizing radiations, and chemical drugs for
direct killing cancers, act through by generating ROS that inhibits important cell
cycle steps”.

The influence of reactive species on cell processes depends on their levels [12].
Reactive species at less amount can initiate proliferation of cells and support basic
cellular functions whereas a high amount of reactive species triggers oxidative stress
which may responsible for cell death. Normal cellular function is well-maintained
by antioxidant machinery that controls reactive oxygen species levels at a bearable
level. A high amount of endogenous reactive species is generated due to the metabolic
activity of cancers [12]. To survive, cancer cell alters themselves to control these
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species levels. Though, a raise in the reactive species levels inside cells might cause
irreversible genomic damage [15]. Concurrently, the level of reactive species in
cancer cells is near the threshold limit. Important to note that reactive species level
is usually lower in the case of normal cells [15]. Hence, selectivity toward cancer
cells oxidative therapy is attained when treatment generated reactive species near the
threshold level. This hypothesis is shown schematically in Fig. 1.8.

The reactive oxygen species—based approach is important to plasma-based anti-
cancer treatments. Reactive species produced by plasma might initiate apoptosis
or autophagy by altering the role of intracellular factors [16]. Conclusively several
investigations showed that biologically active reactive oxygen species are generated
by plasma such as OH, O, O (ID), O,(' A,), O3, HO,, and H,O, [17]. Reactive
nitrogen species such as NO,, NO~, and NO* are generated directly during the
discharge in a gas phase and the plasma-treated media [18].

It should be pointed out that one of the plasma-generated long-lived key species
is hydrogen peroxide inside the media [19, 20]. The transport of hydrogen peroxide
as well as other ROS is facilitated by cell membrane transport channels such as aqua-
porins [20, 21]. Multiple studies suggest that tumor cells have more aquaporins than
their normal counterpart. Therefore, the transport of hydrogen peroxide is very high in
the case of cancer cells through the cell membranes than in normal healthy cells. Such
difference in the transport of hydrogen peroxide and rate of consumption might be the
potential mechanism of plasma-based cancer treatment. An increase in the reactive
species due to the transport of species across cell membranes is related to plasma-
generated research species generation outside the cells. An intracellular enzyme such
as catalase major factor to control the level of hydrogen peroxide in living cells [22].
It is recently described that the rate of hydrogen peroxide consumption and catalase
activity correlate in many cancer and normal cell lines.

1.2.2 In Vivo Applications

Over the last decade, many in vivo investigations have been executed to obtain the
anti-cancer impact of cold plasma exposure. In most studies, plasma treatments were
carried out by exposing the skin to cancers. Nevertheless, in many investigations,
micro-plasma sources were used to direct the microscopic plasma jets to influence
the treated cancer below the skin or the cranium [23-25]. All prior investigations
described the potential influence of cold plasma on cancer progression.

The initial animal studies were executed by Vandamme et al. [23-25]. They
utilized the brain cancer xenograft mice model to assess the anti-cancer outcomes
of cold plasma exposure. This groundbreaking study showed a substantial reduction
(56%) of tumor volume in the mice exposed to the pulsed floating electrode DBD.
The exposed mice survival rate is enhanced by 60% after exposure to the FE-DBD.
In this investigation, both tumor volume detection and bioimaging have been utilized
to evaluate the cancer inhibition effect of plasma exposure. In this investigation, it
is shown that fractioned doses of plasma exposure are much better than a single



1 Introduction to Nonthermal Atmospheric Pressure Plasma: Physical ... 15

long exposure. These kinds of strategies are also famous in the case of radiation
biology. Plasma treatments in fractions were further used in several investigations
for the treatment of cancers (Fig. 1.9a). Subsequently, the investigation of bladder
cancer treatment in xenograft mice models using jet plasma treatment (Fig. 1.9b) was
executed [25]. Plasma exposure for 2 min reduced the tumor size significantly. Addi-
tionally, researchers executed comparable investigations on skin cancer in a mice
xenograft model and attained encouraging outcomes that cancer is inhibited fully
after 21 days of plasma exposure. Likewise, the subsequent survival rate is enhanced
in the murine model after plasma exposure.

These initial investigations reveal the encouraging capability of plasma exposure
as a cancer treatment strategy with no or negligible side effects. Additionally, the
same kind of cancer inhibitory effect has been noticed in several other investigations
on xenograft animal models. Overall, about 27 in vivo investigations have been
recognized and concluded the reduction of tumor size and survival rate improvement
[27]. It is important to note that all in vivo investigations for plasma therapy against
cancer are mainly executed on xenograft mice models.

Treated  Untreated
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Fig. 1.9 a The initial animal studies for cancer treatment using cold plasma. Once the tumor
attained 150 + 50 mm? sizes, plasma exposure is given to a 6 min plasma exposure (frequency
200 Hz) group in fraction for 5 days. a Bioluminescence imaging before plasma exposure (Day 0),
in between the treatment period (Day 3), and 24 h after the last treatment (Day 5). b Characteristic
imaging of untreated control and plasma exposed on the 5th day [24]. b Jet plasma and control
and plasma treated mice images with multiple tumors (shown after 24 h) [25]. ¢ Treatment
of glioblastoma with p-plasma. Image displaying plasma transport via an intracranial endoscopic
tube; d Images of cancer volume; e Outline of radiance intensity helium gas treatment as vehicle
and plasma exposure [26]
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To investigate the anticancer effect of plasma exposure on glioblastoma a
microplasma source is developed. Also, the first intracranial mouse model was used
in this plasma-based treatment strategy. The plasma source directly delivers active
species to brain cancer using the endoscopic tube for the first time in the plasma
medicine area, as shown in Fig. 1.1c [26]. In this investigation cancer volume was
measured by a real-time bio-imaging method as shown in Fig. 1.1d. The outcome
of these investigations indicated that the cancer volume enhanced only by 50% in
the case of the treatment group which is much lower as compared to the untreated
control which is 600% after 2 days, as shown in Fig. 1.1e.

To further understand the penetration of reactive agents, EM waves, and plasma
species through the skin and scalp, the potential anti-tumor properties of CAP jet
non-invasive in an intracranial model have been investigated [28]. To this end, the
sensitization effect of a combination of CAP + TMZ was also studied. It has been
shown that the jet plasma can seep into the bone, together with active species for
plasma strategy over chemotherapy. In this investigation, brain cancer cells were
implanted intracranially and allowed to proliferate for 1 week. Consequently, the
skull is exposed to the jet plasma directly for 1 min at 1 L per minute helium gas,
12.5 kHz frequency, and 10 V with a 1 cm of distance. Further, TMZ is an anticancer
drug injected immediately at a 6 mg/kg/day dose for 2 weeks. Anticancer drug
TMZ alone did not inhibit cancer growth (Fig. 1.10a, b), due to resistance of cancer
against TMZ exposure as earlier reported. However, one dose of plasma exposure
alleviated the cancer growth by 40% compared to control, although this did not reach
statistical significance (Fig. 1.10a, b). Importantly, a combination of plasma and
TMZ potentially inhibited brain cancer progression in this investigation (Fig. 1.10a,
b). Altogether, these outcomes indicate that: (1) The jet plasma can penetrate the
biological barriers, and (2) A single plasma exposure sensitizes brain cancers to
successive anticancer drug TMZ treatment.

1.2.3 Clinical Studies

In 2017, the outline of the first medical investigation was reported [28-30]. The
clinical trial registered six patients with advanced (pT4) squamous cell carcinoma of
the oropharynx with open infected ulcers. Patients were exposed to jet plasma for 3
times treatments in 3 weeks, each treatment followed by an interval of a week. Plasma
exposure triggers a decrease in odor and pain medicine necessity, which enhanced the
social activity of patients and initiated an encouraging emotional impact. The partial
relapse of cancer in 2 patients within 9 months has been detected. In a biopsy, enough
amount of cancer apoptotic cells and desmoplasia were observed in the surrounding
tissue. This medical investigation underlines the medical importance and prospective
plasma treatment could have in clinical oncotherapy going forward. In general, the
medical utilization of potential strategies in other areas of oncology is presently
under examination. Plasma-induced cancer inhibition is a potential outcome that
will be investigated further In the United States, Keidar et al. George Washington
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Fig. 1.10 a Characteristic BLI images atinitial time (day 0) and 6 and 13 days after plasma exposure
with or with anticancer drug TMZ injection. b Graphic description of the plasma treatment to mice
model and ¢ penetration of electromagnetic waves across the skin and cranium to kill brain cancer.
d Outline of emitted radiance throughout the investigation

University together with US Medical Innovation conducted a medical application by
treating remaining cancerous tissue without affecting normal cells after surgery of
the final stage of colon cancer in a patient in 2015. Next, this group together with the
Canady group used Canady Helios plasma source and plasma scalpels in the clinical
liver resection to remove and kill remaining cancer cells. Very recently the US Food
and Drug Administration has given authorization for 25 patients to undergo plasma
treatment as an adjunct therapy to treat tumors [31]. Achieving additional awareness
into plasma acceptable side effect summary along with its efficacy as the selective
anticancer agent will steer more clinical trials.
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1.3 Non-thermal Atmospheric Pressure Plasma Diagnostics

1.3.1 Optical Emission Spectroscopy (OES) for Plasma

In PBRC, the collision radiation models were used for Ar and nitrogen plasmas to
obtain plasma temperatures and densities of atmospheric plasmas. In the case of Ar
plasma, we referred to simple Ar collisional radiative (CR) model [32, 33]. This
can be exploited to investigate the electron temperature of nonthermal plasma by
optical emission spectroscopy (OES) with four metastable Ar state intensities. This
method is assumed that the plasma follows a Maxwell-Boltzmann distribution and
experiment emission intensities are used for determination of an electron temperature
and the excited Ar atom densities. The reference [33] considered excited processes
only from metastable state denoted by 1s3 and 1ss5 to 2p excited levels denoted by
2p1 ~ 2p1o in CR model. But the excited processes from resonance states denoted by
s, and 1s4 to 2p energy levels should not be ignored because these processes must
occur in atmospheric pressure plasma [34]. We propose the modified CR model by
inclusion of these resonant excited processes for accurate determination of electron
temperature for atmospheric pressure plasma jet [35]. For N, (or air) plasma, we
referred the collisional radiative model of nitrogen gas [36] for obtaining the electron
temperature and density. It is included the physical processes from the ground state
X IE; to the excited states A 3X, B 3l'[g and C 311, [37].

The impact excitation of Ar plasma by electron can be described as the populations
of the 2p excited Ar states are made by electron collisions from Ar atoms in ground
to excited states of the metastable and resonance states. Our CR model included the
excited processes of the resonance and metastable states and we selected eight 2p
emission lines for solving the balance equations. The modified equation for a 2p, in
Paschen notation excited level can be written by inclusion of resonant states (i = 2,
4) along with metastable states (i = 3, 5) in left hand side of Eq. (1.1), as,

nengkg,pr + § nenls,‘kls,-,pr = § n2pkA2pX,ls,' (11)
i=2,3,4,5 i=2,3,4,5

where n denotes number density (,: electron density, ,: neutral gas density, n: 1s
level density, nyp: 2p level density), k1, 2,y is the excitation rate coefficient from level
Ls; to 2p,, which depend on the electron temperature, and A, 1, is the transition
probability from level 2p, to 1s;. The subscript g stands for ground level, e for
electrons, and 1s; and 2p, are the Paschen notations [33]. The relative number density
for specified wavelength could be represented by the optical emission intensities
measured from spectrometer. For example, the ), can be written as in Eq. (1.2),

~ 12px—lsi)\2px—lsi
Nopx ~ ————————

(12)
A2px—1s,'
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where [ is the measured optical emission intensity, and A the given wavelength [33].
Equation (1.3) can be used in Eq. (1.2) to replace ny,, and Eq. (1.1) can be rewritten
by following [33]

2
> izsM2p, Azp, s,
nekgop, + Zi=2,3,4,5n1§ik15i,2[7x

(1.3)

Ne =

This equation can be expressed by the measured intensity for any 2p, level of
2p1 (750.387 nm), 2p3 (706.722 nm), 2p4 (794.850 nm), 2ps (751.500 nm), 2ps
(763.510 nm), 2p7 (810.040 nm), 2pg (842.600 nm) and 2py (811.531 nm) occurred
by the electron impact excitation in Ar plasma. Because the excited atom density
Ny, is expressed as the relative intensity, the electron density n, can be the relative
values. It is the same to each other for eight 2, levels. We can establish 4 equations
depended on electron temperatures with unknown variable of excited atom densities
155, 153, 154 and Iss. The Ar excited 1s atom densities can be solved for all electron
temperatures by using mathematical python library. The electron density in Eq. (1.3)
can be written by these specific 1s densities depended on the electron temperature. By
comparing the two selected electron density equations, itis possible to obtain a section
in which the values are the same at a specific electron temperature. This electron
temperature at this time becomes the value we are looking for. This method can find
the electron temperature and excited 1s atom densities in atmospheric pressure Ar
plasma.

Figure 1.11 shows the process of OES diagnostics method by using Ar emission
eight lines in nonthermal atmospheric pressure Ar plasma. This method can be used
for the determination of electron temperature and excited atom densities (15, 1s3,
Isy4, lss) of Ar plasma. In the atmospheric pressure Ar plasma, we measured the
Ar I emission lines and, as applying Ar CR model, the electron temperature was
1.28 eV, the excited Ar 1s,, 1s3, lss and lss densities were 1.92 x 10! cm~3, 4.03
x 10 cm™3, 1.88 x 10" em™3, and 5.79 x 10" cm—3, respectively.

In an air (or nitrogen) plasma, we basically used nitrogen molecule collisional
radiative model of reference [35-39]. The ground state X 12; can be transitioned
to the excited upper states A *Z.", B *I1,, and C 3Tl by the electron impact effect
of plasma [35-39]. And the excited nitrogen molecules in the A and B states could
be exchanged by collision with N, molecules in the state X 12; , respectively [35—
39]. Nitrogen molecules in lower states A >Z} and B 31'[g are corresponding to
spontaneous emission from higher states B 3T1 gand C 311, from which the spectra
of N, FPS (first positive system) and N, SPS (second positive system) are emitted
[35-39]. And, the excited molecule of A SE:F state can have the wall deactivation
[35-39]. In addition, for practical application to atmospheric plasma, we need to
consider the energy pooling reaction, which represents the transition to the B *Tl,, C
3T, and X ! X states due to the collision between two molecules in the A 3% state
[35-39]. Therefore, we can develop the total balance equations for these excited A
3%, B3T, and C *I1, state [35-39].

In the case of N, (A),
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Fig. 1.11 OES diagnostics process of Ar emission lines in atmospheric pressure Ar plasma

213 (kaas + kaac) + (kyay + kaxno)na — (Ag + kpxng)ng —n,ngQs =0

1.4)

In the case of N, (B),
n%kaap + kaxnona — (Ag + kpxngng + Acne +nengQp =0 (1.5)

In the case of N, (C),
n%kaac — Acne +nengQc =0 (1.6)

The n,, na, ng, and n¢ are the density of electron and excited states A 3 =HB 31'[g,
and C 3Tl,, respectively. The n, and n, are the neutral gas densities for vibrational
temperature and ground state depending on the gas temperature. The kax and kpx
are the rate coefficients for transition processes between A *T} — X 12; and B
3I"Ig - X 12; states, respectively [37]. The kaap and kaac are the rate coefficients
for the transition process to upper states B 3T1 gand C 311, after the collision with
excited states A 32][1* [37]. The ky,y is the wall deactivation rate coefficient that is
derived by the diffusion model with the wall reflection [37]. The Q4, Op, and Q¢
are the rate coefficients from the ground to excited states A * .1, B *I1,, and C *I1,,,
respectively, caused by electron impact excitation [31, 37]. The Ap and A¢ are the
transition probabilities of excited states B 31, and C *I1,, [37].
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We could obtain three 2nd order balance equations for three unknown variables of
excited densities n4, ng, and ncin Egs. (1.4)—(1.6). These excited molecule densities
for N, can be solved simply using mathematical library in python software. Also,
we can express the excited molecule densities by assigning an arbitrary electron
temperature and density into Egs. (1.4)—(1.6). The ratio of molecule densities for N,
SPS and FPS can be written as belows [37],

Acnc

R(kT,, n,) = (1.7)

Apnp

The magnitudes of Eq. (1.7) could be compared by measured ratio of emission
intensities between N, SPS and FPS, which depend on the electron temperatures and
densities. N, SPS emission lines could be selected to be the wavelength of 295.3,
313.6, 315.9, 337.1, 353.7, 357.7, 371.1, 375.5, 380.5, 389.5, 399.8, and 405.9 nm
[32]. Also, N, FPS intensity could be selected to be the wavelength of 654.5 nm
[32]. We can find the 12 lines ration R values, which depended on the arbitrary
electron temperature and density, for 12 lines of N, SPS and one line of FPS in
atmospheric pressure air plasma. The specific electron temperature can be obtained
by comparing with measured emission line ratio in OES data of air plasma. These
electron temperatures can be expressed according to arbitrary electron densities and
obtained for each 12 lines ratio. We can find a specific electron density with the same
electron temperature.

Figure 1.12 shows the process of OES diagnostics method by using N, emission
lines in nonthermal atmospheric pressure air plasma. This method can be used for
obtaining the electron temperature and density, rotational and vibrational tempera-
ture, and excited N, molecule densities (n4, ng, nc) of air plasma. The line ratios
of the intensity N, plasma were measured and the estimated line ratio between N,
SPS and FPS can be calculated by using the balance equations of nitrogen colli-
sional radiative model. By comparing these values, the various plasma parameters
can be solved in atmospheric pressure air plasma. In the case of plasma temperature
in air plasma, the electron, rotation and vibration temperature had values of 1.05 eV,
847.60 k, and 0.76 eV, respectively. Also, in the case of plasma density, the elec-
tron, N, molecule densities of the excited states A, B, and C had values of 1.12 x
10" cm™3,9.78 x 10" cm™3, 1.31 x 10'® cm—3, and 1.72 x 10" cm™3, respectively.

Table 1.1 has shown the arrangement for plasma parameters that can be calculated
with the collisional radiative model of atmospheric pressure Ar and N, plasma.

1.3.2 Measurement of the Electron Density by Using Optical
Interferometer

Electron densities which is important parameter of great interest in plasma are respon-
sible for the generation of reactive oxygen or nitrogen species used for industrial,
agricultural and medicine processes. But, electron density measurement for weak
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Fig. 1.12 OES diagnostics process of No emission lines in atmospheric pressure Air plasma

Table 1.1 Comparing with Ar and N collisional radiative model
Parameters Ar CR model N> CR model

Plasma temperature | ¢ Electron temperature ¢ Electron temperature
* Vibrational temperature
* Rotational temperature

Plasma density * Excited Ar atom density(1lsy, 153, | ¢ Electron density
1s4, 1ss) » Excited N, molecule density (n4,
ng, nc)

ionized plasmas such as atmospheric pressure dielectric barrier discharge (DBD)
plasma jet and DBD surface plasma are easily perturbed by small interferences, so
diagnosis for electron density is mainly performed by indirect optical methods such
as laser interferometry, optical emission spectroscopy, and Thomson scattering [35—
41]. Laser interferometers offer the advantages of responsiveness to rapid discharge
and the ability to tune sensitivity of electron density by changing the probing laser
wavelength. The plasma electron density could be calculated by refractive index
obtained from measured laser phase shift [37-41]. In this chapter, we introduce the
Michelson interferometry system which perform laser phase shift measurement for
estimation of electron density from a plasma without heterodyne system.

Figure 1.13 shows the Michelson interferometry for the plasma electron density
measurement. Here M1 to M4 are optical mirrors, BS is a beam splitter, BE is a beam
expander, LPF is a line-pass filter (for corresponding to probing laser wavelength of
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Fig. 1.13 Michelson interferometry for the plasma electron density measurement [43]

632.2 nm), PD is photodetector and CCD is a charge-coupled device. From this inter-
ferometry, the phase shift of the laser beam is caused by the optical path difference.
The interferogram line intensity I could be denoted by the following equation:

i
I = 50[1 + cos(kAz + Ag)], (1.8)

where, I is the initial laser beam intensity prior to division by the beam splitter, k
is the wave number, Ag is the optical phase difference, and Az is the optical path
difference between the two mirror arms for M3 and M4. The interferent lines consist
of constructive and destructive patterns with phases of 2mw and 2m — 1), (m = 1,
2, 3...), respectively, as determined by Eq. (1.8).

Figure 1.14a shows a CCD image for the laser interferent fringes. The relative
intensities of the fringes representing constructive and destructive interference are
represented by the photodetector signal intensities (in volts) as shown in Fig. 1.14b.
The signal of interference pattern would could be shifted from bright (constructive)
to dark (destructive) or dark to bright one in this photodetector by change in optical
path difference, which has been done by fine adjustment of interferometry mirror
(M3 or M4) in Fig. 1.13. From the line shift signals, we can obtain the phase shift of
laser interferogram due to the plasma which installed on the fixed mirror arm [41].
This phase shift, (n — I)Z’T”d, associated with refractive index n, plasma’s electron
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photodetector signals in both interferent patterns [43]

density N, and heavy particle density Npcavy is given by the following equation [42]:

N, +

, 1.9
A7 c*m, e A (19)

A2

2 2xd 2md B\ Nheav
(n—l)%d:— e T A(l > heavy

N heavy,,

where mg is the electron mass in kg, '\ is the laser wavelength in m, &, is the permit-
tivity in vacuum in F/m, c is the speed of light in m/s, and d is the laser path in the
plasma region inm, which is twice the plasma width because the laser has double
transit path from the mirror (M4) to the beam splitter (BS). Further, Nheayy and Npeayyo
are the densities in m~ of heavy particles (ions, molecules, neutral atoms) in plasma
state and initial state, respectively, under room temperature and pressure (7' =290 K,
p = 1 atm). A and B in the second term of right hand side are specific coefficients for
heavy particle species [42, 44]. The optical path of the laser beam causes phase shift
in the interferogram lines since the refractive index has been changed by plasma..
The slope of phase shift for electron density is very greater than that of heavy parti-
cles’ one in the atmospheric pressure discharge and heavy mass (72,872 times larger
than electron mass in case of argon plasma) [41]. The photodetector signal of phase
shift by electron density (AV,), which is caused by fast electrons in the plasma,
can be measured by a spatially fixed photodetector. V, is the gap voltage between
constructive and destructive interference. Therefore, the relation of phase shift (Ag)
in Eq. (1.8) between before and after discharge, which can be written as [43]

2V, -V, 2V, -V
Aga:cos”(M— 1) —cos‘(u— 1), (1.10)
Vg Vg

where V| is the initial voltage of photodiode signal before discharge, V. is the end
point voltage of the fast transient signal by plasma electrons after discharge and V; is
the photodiodesignal in destructive interference. For the measured photodiode signal
(AV, =V, — V;) produced by phase shift (Ag), the plasma electron density can
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be measured from A¢ = 2nd(n — 1)/\ and Eq. (1.9) by elimination of the heavy
particles. The electron density N, could be expressed by [43]

4m, 2 2(V, =V, 20V, =V,
N, = HMeEOTE ] o5 20Ve = Va) 1) —cos! 2Vi—Va) 1) m™3.
e2\d Ve Ve
(1.11)

The maximum electron density is limited by the V, value of 1.9 V in this measure-
ment, which corresponds to m radian in phase shift. Therefore, the maximum electron
density can be measured to be 5.5 x 10'® cm™ in this experiment from Eq. (1.11)
under Vo, =19V, d =320 pm, and AV, =V,.

Figure 1.15a, b show the interferogram brightness change by transient spark
discharge. After discharge, destructive interference line of interferogram has been
changed to constructive interference line by spatial plasma refractive index change.
Figure 1.15¢ shows the total variation of interferogram line intensity, it was increased
with discharge from initial level of photodetector signal and restored to initial level
after few ~ms. It means that spatial refractive index has been changed by plasma
electron density and heavy particle. An initial increase of photodetector signal
shows distinguishable slope difference in Fig. 1.15d. Initial increase of photodiode
signal, AV, 4+ AV}, contains both electron and heavy particle effects with slope
of 2.94 mV/us, and late signal AV, contains only heavy particle effect with slope
of 0.44 mV/pus, respectively. From these experimental measurement, the electron
density could be estimated to be 8.5 x 10" cm™3 by Eq. (1.11) by taking into
account only the electron slope, 2.50 mV/us, which can be obtained by subtracting
the slope caused by the heavy particle from the initial slope in photodiode signal.
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Fig. 1.15 a Laser interference pattern before discharge, b after discharge (white squares are photo-
diode sensitive area), ¢ Transient photodiode signal (black line) with spark discharge current (blue
line). d Photodiode signal AV, + AV, from plasma electrons and heavy particles with fast slope,
and signal AV, from heavy particle with slow slope (top) with voltage (middle) and current (bottom)
signal in time [43]
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1.3.3 Measurement of the Plasma Radicals by Using
Ultraviolet Absorption Spectroscopy

Reactive species in cold atmospheric pressure plasma play an important role in
biomedical fields and industry. Because an cold air plasma can generate many kinds
of reactive species, the generation of radical species is an important issue for the
plasma device. The ultraviolet(UV) diagnostics of the cold plasma is very important
to measure the density of reactive species. Also many researchers have widely used
ultraviolet absorption pectroscopyin density measurement of reactive species.

The hydroxyl radicals OH of ROS (reactive oxygen species) can be measured by
the ultraviolet absorption spectroscopy in CAP plasma. The experimental configu-
ration of this absorption spectroscopy has been represented in references [45, 46].
This setupconsists of the UV lamp, in which a Hg lamp has been used with its power
of 0.5 W, centered at 306 nm, and plano-convex lens whose wavelength ranges from
ultraviolet to infrared are transmitted [45]. The UV light has been transmitted and
focused to the 200 um in diameter in the plasma jet by using the plano-convex lens for
UV absorption measurement for the OH species occurred at 307 ~ 309 nm [45]. The
Lambert-Beer’s law can estimate the density of hydroxyl OH radical species in CAP
with UV absorption spectroscopy. The intensity for the incident and transmitted UV
light through the plasma region whose thickness is x, are represented to be Io and
Iv, respectively. The density of hydroxyl OH radical species produced by the CAP

jetis given by [45]
1 I,
N=-— In{ — (1.12)
o-X Iy

where N is the hydroxyl OH density, and o is the collisional cross-section of about 6
x 107" m? for OH species [47], and x is 300 jwm. The hydroxyl OH radical density
could be estimated by Eq. (1.12) from the experimental measurement of 7,/1, i.e.,
ratio of the transmitted intensity through the plasma to incident one at wavelengths
of 307 ~ 309 nm.

Figure 1.16a The strong UV absorption profile can be seen at wavelenths about
309 nm in the transmitted signal (/,)) through the plasma (black color line), which is
caused by the OH radical species of Ar CAP jet, whose gas flow rates are ranged from
80 to 300 sccm [46]. The incident intensity of UV lamp (/,) and emission intensity
from OH radical species in the CAP jet without UV incidence have been denoted by
red and blue lines, respectively, in Fig. 1.16a. The UV emission from the plasma and
absorption lines at about 309 nm caused by OH radicals are denoted by the circles in
the blue line and the dotted box in the black one, respectively, as shown in Fig. 1.16a
[46]. The transmission ratio (1,/I,) of UV signals can be converted the OH density
at the absorbed wavelength of about 309 nm. Figure 1.16b shows the density of OH
radical species at 2 mm over the interfacial water surface versus the Ar gas flow rate
from 80 to 240 sccm, where electrical power is 15 W and the driving frequency is
22 kHz [46]. The OH density reaches the maximum to be 2.6 x 10" cm~3 under the
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Fig. 1.16 a UV transmitted profile (1, ) through the plasma jet (black), in which absorption occurred
at wavelengths of 307 ~ 309 nm, caused by the OH radical species. Reference UV lamp profile (/,)
versus the wavelength without nonthermal atmospheric pressure plasma jet (red). Optical emission
profiles from the plasma jet versus the wavelength (blue) without UV incidence. b Hydroxyl OH
radical density at the interfacial water surface region contacted by plasma, which is 2 mm above
the water surface versus the Ar gas flow rates from 80 to 240 sccm [45]

gas flow rate of ~150 sccm and it is rapidly decreased to 6.0 x 10'* cm™3 for ~250
sccm in this report [46].

For the density measurement of the reactive nitrogen species (NO,), the cavity-
enhanced absorption spectroscopy (CEAS) or Fourier Transform Infrared (FTIR)
spectroscopy methods are widely used [48]. For nitrogen dioxide (NO,) measure-
ment, the visible broad band cavity-enhanced absorption spectroscopy (BBCEAS)
method could be used [48]. However, for density measurement of nitric oxide (NO),
CEAS should be used for diagnostics of infrared-active molecules by using a mid-
infrared laser, whose spectral range is between 3 and 20 iwm [49]. The NO, absorption
profile could be obtained by using UV and visible light sources such as light emit-
ting diode (LED) and Xe or Hg arc lamps. The absorption band of NO, molecule
includes the electronic transition band in the visible spectra [50]. However, the
vibronic absorption band of NO species is located around infrared 5.26 pm and
its absorption profile can be detected by a quantum cascade laser (QCL). This kind
of NO absorption spectroscopy has been used generally and the QCL can be adjusted
to a specific laser wavelength [50]. The BBCEAS and QCL-CEAS techniques could
be used well frequently for density measurements of NO, and NO respectively, based
on these reasons64]. In this chapter, we describe the density measurement of NO, and
NO generated by air NAP jet by employing the BBCEAS with LED and CEAS with
QCL [51]. For the measurement of NO, and NO density, a visible LED (660 nm) and
a mid-infrared laser diode (LD) (5.2386 wm) could be used, respectively [S51]. These
radical densities could be measured by using Beer-Lambert law, Eq. (1.12), which is
obtained by the absorbed laser intensity passing through the plasma gas region inside
an optical cavity of CEAS [51]. We obtain the NO, density to be ~2.5 x 10'® cm™3
in air plasma et. and Also NO density has a value of ~4 x 10'> cm™ [51] in recent
report [51]. To find the NO maximum absorption wavelength the transmission ratio
(1,/1,) has been measured in the QCL’s tunable wavelength ranges [51]. Figure 1.17a
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Fig. 1.17 a The transmission ratio of mid-infrared LD beam for NO density mesurement versus
wavelength of QCL, b NO; (black) and NO (red) radical densities versus the duty ratio (%)

shows the absorption wavelength 5.2386 pm corresponding to the NO’s first peak of
absorption [51]. Figure 1.17b shows the densities of NO, and NO reactive species
in the air NAP jet versus pulse duty ratio [51].

1.3.4 Plasma Parameter Characteristics for Industry
and Biomedical Plasma Products

In PBRC (Plasma Bioscience Research Center) of Kwangwoon university, Korea,
various plasma biomedical devices have been developed and studied about plasma
parameters, plasma density and temperature [46]. For these parameters, we applied
to the nitrogen collisional radiative (CR) model with OES data of NAP or CAP [52].
The nitrogen OES can be obtained based on the CR model for the determination of
plasma temperatures (electron temperature, rotational and vibrational temperature)
and densities (electron density, and excited nitrogen molecule densities) [53]. The
OES intensities from the N, second positive system (SPS) and first positive system
(FPS) are very important in modelling the N, CR model, by which the plasma temper-
atures and plasma densities could be estimated in nonthermal atmospheric pressure
plasma [16]. These physical properties are provided by PBRC to a Korean and foreign
companies for supplying various plasma products. These physical parameters could
be used as evidence for plasma being used for various purposes as well as basic data
for performance evaluation.

Figure 1.18 shows that PBRC plasma sources can be largely classified into plasma
jet and surface DBD plasma type. Plasma jet is suitable for the treatment of local
treatment area in human body (teeth, skin wound) or material sample. On the other
hand, surface DBD plasma could be is used for large area plasma processing purposes.
In particular, the surface DBD type is divided into three categories, where counter or
facing-DBD, coplanar-DBD and floating electrode—DBD. The plasma parameters
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Fig. 1.18 The plasma biomedical devices developed in PBRC of Kwangwoon university

(electron density and temperature, vibrational and rotational temperature, excited
nitrogen molecule densities nA, nB, and nC) could be investigated through N, CR
model for PBRC plasma sources.

The air plasma jet consists of a needle-shaped electrode, a ground electrode
covered around the outside, and a glass tube that insulates central power electrode.
This technology is currently applied as a plasma tooth whitening device through tech-
nical transfer to “Bio-Platech” company, and its development has been completed
and is on marketing sale. The counter or facing—DBD is a structure in which two
glass substrates printed by electrode material and then covered with dielectric mate-
rials, respectively, and then they are installed by facing each other with a finite
separation distance, as shown in Fig. 1.18. Plasma discharge occurs in the space
between glass substrates by applying opposite polarity to each counter electrode.
This plasma source is currently used in the virus cleaner and air sterilizer products.
We have completed commercial product development in cooperation with “Bio-
Platech” and “Dawoo Korea” company. The coplanar-DBD is a surface discharged
structure consisting of two electrodes covered with insulator on a glass substrate.
The plasma discharge occurs on insulator surface by applying opposite polarity to
each electrode in coplanar surface, as shown in Fig. 1.18. Currently, this technology
is developing for the wound skin treatment medical devices in hospital through
“ATI” company. The structure of the floating electrode—DBD is similar to that of
the counter-DBD except counter substrate with counter electrode. Here, the human
body could be grounded as a counter electrode and only homopolar voltage signal
has been put onto the floating DBD electrode. Hence the plasma discharge occurs
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in a space between the floating-DBD surface and body. It can be used for skin care
medical device since this plasma can directly contact on skin surface.

Figure 1.19 shows the mapping for electron density and electron temperature,
which are obtained from the nitrogen CR model for PBRC plasma sources. The
electron temperature and density are found to be maximum of 0.93 eV and 1.76 x
10" cm™3 in air plasma jet. The electron temperature of floating electrode-DBD is
higher than that of other DBD sources. Also, the electron density shows that they are
in the ranges of ~10'> cm~ in DBD type.

The rotational and vibrational temperature of the plasma jet and DBD plasma
typeare shown in Fig. 1.20. Here these plasma rotational and vibrational temperatures
are shown to be more than twice those of the DBD type. The rotational and vibrational
temperature of the jet type are approximately maximum of 712 K and 0.76 eV,
respectively. In the case of surface DBD plasma, the average value for rotational and
vibrational temperature are shown to be 350 K and 0.35 eV, respectively, which are
about half of that of jet type.

For the excited nitrogen molecule, N,, density is shown in Fig. 1.21, where nA
is higher than nB, nC for all types of plasma sources. Here nA, nB, and nC denote
the N, molecular densities for excited energy states of A 3Ej ,B 3l'[g, and C 311,
respectively. At the plasma jet, the order of nA is similar to nB, but in the case
of DBD, nA is higher than other species. In plasma jet type, the excited molecule
densities have the ranges between 10'* and 10'> cm~3, also DBD type has the ranges
between 10'? and 10'* cm~3.
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Chapter 2 ®)
Cancer Treatment ez
and Immunomodulation by Nonthermal
Plasma Technology

Nagendra Kumar Kaushik, Neha Kaushik, and Eun Ha Choi

Abstract Plasma has been broadly developed as an encouraging safe method for
cancer treatment and immune modulations. The selectivity of plasma regarding
cancer cells in comparison with their normal counterparts has attracted researchers
as a novel cancer treatment method. In plasma bioscience and medicines areas,
both direct plasma treatment and plasma-treated liquids played a significant role in
cancer treatment and immunomodulation strategies. In this chapter, cancer cells’
redox imbalance and immune activation (activation of immune cells or immuno-
genic cell death induction) using plasma devices and plasma-treated liquids has been
discussed. It has been also shown that plasma-induced damage-associated molecular
patterns or antigens are linked with the secretion of various cytokines/chemokines for
the enhancement of immune response against cancers. These plasma-based immuno-
genic strategies lead to immune cell stimulation which can build advanced future tech-
nologies to develop plasma based vaccines preparation as well as immune checkpoint
blockade and cell-based therapies.

2.1 Introduction

Plasma is ionized gas and also known as the fourth state of matter. New technolo-
gies related to the non-thermal or cold atmospheric plasmas generation have been
currently established and implemented in biology and medicine. In general, two
main strategies have been broadly used to produce plasma, named indirect and direct
plasma discharges. In case of the indirect discharge method, the plasma reactive
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species are delivered through gas flow against the main arc discharge whereas, in
the case of the direct discharge method, living cells or tissue is another. On these
basic principles, mainly two main plasma sources, Jet plasma [33, 49, 98] and other
the dielectric barrier discharge (DBD) [97], had been established that were utilized
in the field of biology and medicine majorly [21, 22, 32, 34, 39]. Several reactive
species such as nitrogen and oxygen-based radicals, along with other constituents
are produced during plasma exposure[18, 35, 49]. This complex chemistry results
in typical interaction among plasma and biological tissues or cells [24, 48]. Several
literature suggests that plasma could be applied clinically in wound repair [4, 8, 27,
30,47, 82, 100], in blood coagulation [29, 34, 67], as well as cancer cells treatments
[21, 40, 42, 81, 88, 89] (Fig. 2.1).

Low intensities / High intensities /
moderate treatment time prolonged treatment time
Reactive species Reactive species
Electromagnetic fields Electromagnetic fields
UV radiation UV radiation
onoo ¥ H:0 onoo ¥ H:0;
‘0, € *OH ‘0, © *OH
7 (o]
oxidative eustress oun d oxidative distress Tu mor
= Disinfection .
* Proliferation * Apoptosis
* Angiogenesis " Necrosis
« Cell migration / EMT * Senescence

* Re-epithelialization * Immune response

Wound Healing Cancer Cell Death

Fig. 2.1 A pictorial description of the application of plasma in wound healing and anticancer
approach. Disinfection, wound healing, and tissue repair is triggered via moderate doses of plasma
treatment (left panel) whereas prolonged plasma exposure induces oxidative stress for cancer therapy

[11]

There was remarkable developments in treatment procedures existing for cancer
therapies leading to enhanced patient survival and even remedy for some of the
cancers[63, 71]. Radiation therapy is local but not specific with side effects to normal
counterparts during therapy. Surgical treatments are also local and specific where only
damaged cells are treatment without failure to remove all tumor cells. In the case of
chemotherapy, these are systematic and nonspecific having toxicity on non-cancerous
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cells [63]. Some pieces of evidence suggest when chemotherapy is combined with
otherlocally available treatments such as radiotherapy and surgery, their effectiveness
is further enriched [99, 112]. In this case, normal cells were damaged, however, it
could repair cellular damage and eventually recover letting the patient stay with the
treatment. Besides these conventional treatment approaches, it is discovered that the
use of immunotherapy promotes certain anti-cancer effects and produces memory T
cells for prolonged safety [65]. Currently, cancer immunotherapy is a widely accepted
potential treatment strategy where the human immune system has been employed
to aim particularly the cancers without harming normal cells [64]. The immunity
plays a key role in carcinogenesis as well as control of cancer where genetically
mutated cells were identified and destroyed by inflammatory immune cells. During
this process, some cells were escaped due to their low level of immunogenicity,
therefore leading to unchecked growth with significant mutations, and forming cancer
cells. In this way, they circumvent immune observation and actively provoke factors
for immune suppression [65]. The production of immunity in cancer could be self-
propagating process. This cyclic process resulting in an aggregation of immune-
modulatory factors to improve immune cell functions. The immune system cycle
could be defined through suppressive factors which promote immunity regulative
mechanisms, that may interrupt the progress or restrict the immunity. This immunity
cycle could be split into various steps, starting from the cancer-released antigen

Trafficking of
T cells to tumors
4 (CTLs)

Priming and activation
(APCs & T cells) =

5 Infiltration of T cells
into tumors
(CTLs, endothelial cells)
lymph node

Cancer antigen /'~
presentation &=/
(dendritic cells/ APCs)

6 Recognition of
cancer cells by T cells
(CTLs, cancer cells)

Release of B
cancer cell antigens Killing of cancer cells
(cancer cell death) (Immune and cancer cells)

Fig. 2.2 The major steps involved in the cancer based immunity cycle [16]. APCs are antigen-
presenting cells whereas CTLs are cytotoxic T lymphocytes
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process and closing with the death of tumor cells. Every step has been described in
detail in Fig. 2.2.

2.2 Plasma-Induced Anticancer Effects and Signaling
Mechanism

As mentioned above, plasma has been broadly developed as an encouraging safe
method for anti-cancer treatment. Selectivity of plasma regarding tumor cells in
comparison with their normal counterparts has been attracted researchers as a novel
cancer treatment. For plasma-based treatments purposes, two fundamental schemes
have been established. One is to apply the jet plasma [110] or DBD [21] plasma to
expose the cells directly seeded in a culture plate/dishes or the mice xenograft tumors
(Fig. 2.3a). The second strategy is to apply the plasma activated liquids (PAL) or
solutions (PAS), mostly the plasma-activated medium (PAM) to decrease the cancer
cells growth [87, 104] or to impede the development of cancers via applying PAM into
the mice cancer mass [94] (Fig. 2.3b). PAS is commonly prepared through treatment
of plasma including DBD or jet sources directly to the biocompatible liquids for
example PBS, medium, including Ringer’s solution [46, 106]. Such type of approach
is entirely based upon the reactive species and their stable products made during the
reaction amid whole plasma and the unique constituents present in liquids for example
amino acids (inside medium) and other chemical entities (in physiological solution)
[9, 10, 80, 103]. Importantly PAS or PAL could be stored below certain settings for
along time [2, 101, 102]. This feature makes the plasma appealing as a unique key
aspect for the indirect treatment, that permits the use of plasma as a pharmacological
means. Most of the studies exploited the direct plasma exposure method, however
over the last four years, the indirect approach is steadily becoming an eye-catching
topic [1, 12, 68, 101, 103]. In the case of the direct exposure, plasma-related reactive
species, and the other elements could influence malignant cells while in the indirect
exposure, mostly long-lived reactive species are important to study. Hence, both short
or long lived species or other plasma elements should be considered for the robust
cancer treatment ability regarding direct plasma exposure.

A growing number of evidence exhibits that plasma could alter the cellular redox
status via activation of intracellular reactive oxygen species (ROS) formation [61,
86]. It is widely known that ROS are capable to affect numerous signaling trails
controlling several processes such as cell differentiation, proliferation, and cell death
[79]. Since plasma has the benefit of considering a controlled precursor of accumu-
lative ROS, therefore it could be exploited for treating several diseases, involving
cancer. In cancers, the extent of lipid is frequently reduced in comparison to normal
cells making them additional susceptible towards oxidative stress [70, 76, 107].
ROS are barely produced through external tools such as plasma although are also
produced by normal by-products during cell metabolism. If the intracellular oxida-
tive stress surpasses the quantity which can be controlled by the cellular antioxidant
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(a) Direct treatment

.

Plasma jet ~--....

(b)

Plasma jet
Pipette

Fig. 2.3 Two prime strategies for plasma application on cancer cells. a In vitro or in vivo Direct
exposure of plasma on cancer cells or tissue. b Indirect exposure of plasma on solutions mostly
medium which would be applied to cells seeded in cell culture plate or the cancer tissues [105]

defense system programmed cell death phenomenon will be stimulated by a signaling
cascade [92]. Concerning the function of the antioxidant defense system including
glutathione, catalases, superoxide dismutases, in counteracting the apoptosis induc-
tion this system offers alternative means that could be distinctive among cancer
tissue and normal counterpart which might be the consequence of plasma selectivity
[6]. Furthermore, researchers also proposed that the alteration in the antioxidant
machinery to counteract oxidative stress is accountable for the increase in reactive
species and cancer inhibition. It is displayed that leftover ROS and long lived stable
species, those are not neutralized through antioxidants in the mitochondria, could
damage mitochondria and ultimately trigger cellular damage [38]. It is also claimed
that due to the ROS induction in medium after plasma treatment can provoke cell
death in leukemic cells when cultured in hypoxic environments, which shows a
crucial part in chemotherapy resistance [93]. Understanding the molecular pathways
and cellular communications is the furthermost basic study in plasma-based cancer
therapy. One important aspect is that plasma indirectly and directly interacts with
various factors or molecules present on cell surfaces or inside cells together with
signaling pathways (Fig. 2.4).

Regarding the selectivity of plasma for cancerous cells, the effect of cholesterol,
aquaporins, and the anti-oxidant machinery on the efficacy of plasma has been widely
discussed. Nevertheless, the mechanisms that eventually induce to plasma-activated
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Fig. 2.4 Interactions among plasma and liquids in plasma treated medium. Atomic species
combines with nitrogen, oxygen, and water in ambient environment or at the interface of plasma
and liquid to generate reactive species. More stable molecules, like nitrates, nitrites, and hydrogen
peroxide (H205), generated in the interface and released into treated medium [90]

cancer inhibition was a big question. In this regard, the exact mechanism after treat-
ments has been investigated. Plasma can alter various intracellular signaling routes
which in turn regulate the cellular fate and might elicit cellular death. As a signifi-
cance of plasma exposure, apoptosis or necrosis could be persuaded however the
autophagy, as well as senescence induction, have been detected. These induced
processes seem to be plasma-given dose-dependent. For cellular death, it has been
proved that plasma could induce detachment of cancer cells [42], cell cycle growth
arrest [43, 96], apoptosis by DNA damage[13, 28, 44, 73, 87, 111], and micronucleus
[39] in cancer cells. The plasma-induced cellular detachment was initiated through
confronting cell-adhesion molecules, for example, integrin [26, 52, 84]. ROS and
RNS) are observed in cells [24, 66, 95, 108, 111], and it is assumed that intracellular
reactive species cause several physiological outputs. A very instant effect of reactive
species is lipid peroxidation on the cellular membrane (Fig. 2.5). This clues to an
improved influx of ROS into the cytoplasm. These species further can react with the
other factor and molecules which affect a range of activities inside the cell. One of the
essential messenger intricated in extra-or intracellular signaling pathways is calcium
(Ca®") which has a important part in the fate of cells. Literature proposed that Ca>*
and ROS signaling share a close interaction [23]. Likewise, in these interactions, a
rise in reactive species also directly connected with the initiation of DNA damage.
These lesions comprise oxidative damage, double-strand DNA breaks [5, 75], in
addition to crosslinks amongst proteins and DNA [25]. Moreover, ATM activation
intricated in apoptosis signaling has been witnessed in oral carcinoma and skin cancer
cells [7, 31]. Notably, senescence, a known irreversible cell growth arrest in respect
to oxidative stress [77], could be triggered by short plasma exposure while necrosis
and apoptosis are provoked through longer exposure times. Such as skin cancer cells
exposed with higher plasma doses by a floating type DBD plasma device killed via
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Fig. 2.5 Overview of molecular signaling mechanisms and interactions for the plasma oncology
[83]

necrosis and apoptosis phenomenon [21]. Intriguingly, this study shows that even
the higher doses did not show any damage to healthy normal tissues [20].

This literature provides the knowledge that the plasma-generated reactive species
has the potential to show a variety of biological outcomes with applicability to
cancer biology, along with the selective inhibition of cancer cells [45]. For example,
regarding tumor ablation, plasma technology could be applied to sterilize the tumor
site to promote original normal tissue reformation. The benefit of plasma exposure
might be attained by treating cancers that were not removed well during ablation,
therefore effectively reducing the tumor relapse or regrowth. Medical professionals
assume that plasma exposure directly on the tumor area is exceptionally reasonable
towards primary tumor treatment and can be recognized as adjuvant therapy [109].

2.2.1 Plasma-Based Activation of Immune Cells

The cancer microenvironment plays important role in cancer growth and espe-
cially in metastatic process [19]. Immunomodulation is a assuring approach that
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Fig. 2.6 Non-thermal p-DBD plasma-based activation of the immune cell against cancer [36]

involves the body immunity to affect cancer cells specifically without affecting
normal cells or tissue. Immune cells such as dendritic cells or macrophages are
very important for the inflammation process and defense against cancers. Though
the macrophage-associated with cancer can differentiate into M1 (cancer-killing) or
M2 (angiogenic) phenotypes depending on the cancer environment [54]. Targeting
immune cells such as dendritic cells, macrophages, lymphocytes, and other immune
factors for cancer treatment could be a smart approach to improve current cancer
therapy. In recent times, a dielectric barrier discharge and jet plasma devices were
applied for studying immuno-stimulatory effects by the plasma medicine commu-
nity. A recent study showed that plasma treatment promotes the differentiation and
activation of M1 macrophages to a significantly levels (Fig. 2.6). Plasma activated
macrophages promote cancer inhibitory immune reactions against cancer progres-
sion. These modulation also affect metastasis and cancer stemness maintenance
in vitro conditions [36].

Also, a microwave plasma system produces nitric oxide in presence of nitrogen
and oxygen gas at high temperatures called gaseous nitric oxide (NO). The gener-
ated nitric oxide is exposed to water for making NO plasma-activated water (NO-
PAW). The role of macrophages or dentritic cells are facilitated by several factors. It
is known that nitric oxide (NO) is a key factor for macrophage activation, NO-
PAW is proposed as a possible for activation of TAMs (Fig. 2.7). Investigation
showed that NO-PAW enhances M1 tumor-killing macrophage as compared to M2
macrophage in cancer co-culture conditions. Characteristic translational and tran-
scriptional level related markers were examined to show molecular changes after
exposure to macrophages. In addition, it is shown that NO-PAW upregulated the
cancer-killing potential of macrophages. In conclusion, investigation concluded that
NO-PAW stimulates macrophages in the cancer microenvironment to stop cancer
progression.
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Fig. 2.7 aNitric Oxide Plasma Activated Water (NO-PAW) was produced using a microwave-
plasma device with nitrogen and oxygen gases. b NO water activated macrophages have a high
potential to inhibit skin cancer cell growth [50]

In another investigation, [56] the effects of NO-PAW on cancers and compared
them with other plasma devices. The previous study [51] was focused on the effect
of plasma based NO water on macrophage differentiation. That study concluded
role of NO water to polarize macrophages to M1 or M2 at the molecular level.
Further, the cancer inhibitory effect of NO water was also checked in a in vivo mouse
model (Fig. 2.8). The outcome indicated that NO water could affect macrophage fate,
proposing this strategy as a supportive method for regulation of the task of immune
cells in the tumor environment.

Previously plasma researchers also stated that plasma exposure stimulates blood
monocyte cells to differentiate into more M1 macrophages. These monocytes differ-
entiated macrophages thus inhibits the progression of cancers in the co-culture
system via various immune mediated pathways and signaling (Fig. 2.9). Furthermore,
plasma treatment promotes immune cell health as seen in plasma treated monocytes-
macrophages study. These important outcomes show that ROS and RNS generated
by plasma could stimulate immune cells to kill cancers [37].

Other studies also supported the treatment of macrophages with other plasma
devices such as pulsed DBD plasma device to kill specifically cancer cells without
affecting normal cells (Fig. 2.10). These outcomes emphasize the medical importance
of plasma devices or plasma-based products for tumor immunotherapy. There was
a negligible effect of stimulated macrophages on the lung normal cells, indicating
that macrophages sustain their selective killing effect towards tumor cells when
activated with exposure of plasma. The distinct results on different type of cells may
be ascribed in part to released cytokines responses. TNF-a released by macrophages
is strongly toxic toward cancer cells however induces normal Beas2B cells to release
IL-6 and IL-8 release [85]. These cytokines (IL-6 and IL-8) enhance cell proliferation
of normal cell lines [55] for direct reinforcement of immune cells while preserving
selectivity function [58].
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Fig. 2.8 Anticancer role of NO water in vivo condition. a Syngeneic mouse with skin cancer post
12 days of PAW or PBS administration. b Images of tumor tissue mass were taken from each mouse.
¢ Details on the volumes of cancer tissue from the of different groups [51]

2.3 Plasma-Based Immunogenic Effect

Previously, most cancer therapeutic strategies were aimed on decreasing cancer load
via the application of toxic physical agents or drugs. Though, all these kinds of strate-
gies do not support immune system-based responses to treat cancers. From the last
decade, immunity based cancer therapy has accepted the application of stress based
strategies such as immunogenic cell death (ICD) and release of damage-associated
molecular patterns (DAMPs) in cancers. Recently emerging treatment strategies
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Fig. 2.10 Plasma interaction with cancer cells to induce ICD and DAMPs release [59]
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Table 2.1 Important DAMP molecules to enhance immunogenicity of cancers

DAMP Immunomodulatory role

ATP Activation of antigen-presenting cells and Act as a ‘Find Me’ signal
CRT Increase immunogenicity of cancer cells and act as ‘Eat Me’ signal
HSP Heat shock protein attract immune cells and induce activation
HMGBI1 Attract immune cells and induce antigen-presenting cells maturation
ILs Strong pro-inflammatory activity and activation of immune cells
TLRs Inflammation and recruit and activate cells of immune system

that induce ICD via oxidative stress, suggest the potential to improve outcomes
of conventional cancer treatment methods. Therefore cancer-inhibiting activity of
nonthermal plasma that is mainly via RONS that are either induced or transported
to the cancer cells, is a very practical approach that cold plasma could induce ICD
and DAMPs release. The advantage of plasma based treatment is rely on its capa-
bility to enhance communication between plasma-treated cancer cells and immune
system for its continuous defensive mode against that cancer. Recently, plasma is
efficient induced of ICD in melanoma cells [57] in cell culture condition and colon
cancers in mice models [60], where hydroxyl radicals and nitric oxide short lived
species were found to be effective factors. This investigation offers the approval that
nonthermal plasma has the ability for immunomodulation’s against cancers which
can be employed to medical settings. All these investigations discover that plasma use
could be supportive to strategies focusing against resistant cancers through changing
the cancer favoring environment. It suggests that plasma can be tuned to induce
more ICD and DAMPs, raising their visibility to the human body defense system.
Early investigation showed that certain regimes such as reactive oxygen and charged
species of plasmas induce release of ATP and enhance presentation of CRT on the
cell membrane (Table 2.1) [65].

Researchers also debated on the new outcomes of plasma function to stimulate
ICDincancercells [41]. Linetal., demonstrated the interface of two intricate systems,
cancer cells and plasma (Fig. 2.10), for oxidative stress induced ICD and DAMPs
release [59].

To know more about the role of plasma in ICD initiation, a thorough investigation
of the RONS produced by the plasma exposure towards ICD inducing regimes is
performed. It is shown both short lived and long-lived reactive species were neces-
sary for plasma induced ICD. These RONS produced during plasma exposure are
completely related to the plasma doses. On the basis on these outcomes, researchers
can optimize specific parameters of plasma that can offer medical practitioners to
make a tool to control RONS for specific application such as ICD-based treatment
of cancers at clinical settings, as shown in Fig. 2.11 [57]. Researchers found that
plasma-generated oxygen species and charges are the key component for ICD induc-
tion and DAMPs release after eliminating various other components using gas or
physical barriers (Fig. 2.12). Several important DAMPs, such as ATP release, and



2 Cancer Treatment and Immunomodulation by Nonthermal Plasma ... 47

CRT on cell membranes were studied to evaluate role of plasma to enhance immune
response against cancers [59].

Also, in previous investigations, various anti-cancer treatment strategies proposed
to modulate immune system [17] using various immune factors such as cytokines or
chemokines, as well as immune checkpoint blockade (ICB), and cell-based therapies.
It is proposed that ICB therapy could be the best tool to improve treatment efficacy
and reduce side effects. To investigate this standpoint, Guojun et al. showed strategies
using transdermal plasma for the best ICB based treatment strategy. Tumor associated
antigen or DAMPs can be generated after release of RONS and molecules for ICB
in the targeted tissue via hollow shaped microneedles for the better delivery and
implicating improved immunotherapy using plasma. The combined effect of plasma
generated RONS and ICB therapy with microneedles suggests a novel system for
treatment against various dreadful diseases [ 15]. To support this proposal recent study

Plasma Environment
Adjustable parameters: Adjustable parameters:
« Applied voltage * Discharge gas

*  Pulse width *  Humidity

* Pulserise time

= Pulse frequency

« Treatment time

*  Application distance

DAMP /|| Enguiiment /| Specific T-cell
Release byAPCs | | Development

Anti-Cancer Immune Response

Fig. 2.11 Mechanism of nonthermal plasma interaction with cancer cells related to
immunotherapy. These outcomes would offer strategic development of plasma-based medical
devices for the coordinated transport of species to induce ICD [57]
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investigated the potential role of delivery using microneedle array patch [74] that
combines plasma and ICB therapy (Fig. 2.13). The hollow-structured microneedle
patch is used to assist plasma RONS to be delivered into tumor tissue via skin.
Plasma-induced cancer ICD release DAMPs and stimulates macrophages or dendritic
cell in the tumor environment or lymph nodes, where dendritic cells can present
these antigens to T-cells for further response [53]. Subsequent immune response
mediated by T cell is inducted and can be more enhanced ICB inhibitors, such as
anti-PDL1 antibody. In conclusion the combination of plasma and ICB inhibitor with
microneedle patch for delivery, offers a novel dual strategy to eliminate cancers.
Previously, plasma-based activation of anti-cancer macrophages from monocytes
stimulation are thoroughly reported. However, PAM exposure to cancers still not
investigated for the stimulation of macrophages or dendritic cells from monocytes.
In the recent investigation, the lysate obtained from cancer cells treated with PAM is
the better for stimulating dendritic cells rather than cancer lysate obtained after any
other conventional procedure. PAM-A375lys-treated monocytes derived dendritic
cells were highly effective in comparatively reducing the Th2 cytokine and enhancing
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Fig. 2.13 Image of the transdermal plasma and ICB therapy with anti-PDL1 using microneedle
patch [15]

the Th1 and Th17 cytokines in cell culture, validating treated media exposed cancer
lysates is better for improving cancer inhibitory properties of dendritic cells. As per
hypothesis, Th2 cells showed tumor favoring effects in a in vivo cancer model, but
Th1 and Th17 cells exhibited the anti-tumorigenic effects. Dendritic cells treated with
lysate of activated media exposed A375 cells also presented an elevated capability
to promote proliferation of T cells than to unexposed counterpart (Fig. 2.14). These
findings are accordance with the elevated interleukin 2 levels identified in co-cultures
of stimulated dendritic cells and T cells. Differentiation and maturation of stimulated
dendritic cells using activated media treated cancer cell lysate, and more IL-12 release
by these cells, are crucial factors for the stimulation of T cells [91].

In another study plasma irradiation enhanced immune infiltration in the cancer
microenvironment. The investigation of CD4, CRT, FOXP3, CDS8, CD11c, and IL-17
was checked for all cells, due to technical limitations their individual viabilities were
not taken into account. Altogether, assessment of the cancer environment showed a
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substantial increase in cancer cell death, which was associated with the increase in
immunogenicity and infiltration of immune cells after treatment with plasma [62].
Likewise, an immunomodulatory role of plasma treatment together with plasma
induced ICD, suggested by several investigations, but research using primary immune
cells is limited. A recent study showed the plasma exposed mouse skin cancer stim-
ulates primary immune cells and changing its molecular profile. Cancer cells treated
with plasma demonstrated diminished viability and motility and enhanced secre-
tion of DAMPs such as ATP and CXCL1 release. This phenomenon induced altered
molecular profile of immune factors such as cytokines. Specifically, CCL4 and IL-
1P being improved in treated culture and co-cultures with immune cells. Whereas
in T cells stimulated via extracellular signal-regulated Kinase phosphorylation and
enhanced CD28 expression, after co-culture with cancer cells. Enhanced CD115
expression was the main indication of monocytes stimulation in this investigation.
In conclusion, plasma-induced tumor cell death is accepted scientifically, and that
plasma-based activation on immune cells. Lysate of plasma treated cancer cells
after 24 h post treatment showed considerably enhanced levels of cytokines and



2 Cancer Treatment and Immunomodulation by Nonthermal Plasma ... 51

chemokines such as CCL4, TNFa, IL-10, and IL-18. DAMPs, such as CXCL1 and
ATP release, were also detected at 6 h after plasma treatment in cancer cells. The
response of immune cell recorded after plasma treatment for investigating immuno-
logical relevant effects of spleenocytes cultured with plasma-exposed cancers. Simi-
larly, supernatants of spleen cells showed enhanced levels of immune signaling
factors such as IL-4, IL-12,IL-10, CCL4, and IL- 1 after plasma exposure (Fig. 2.15).
In conclusion, plasma exposure affected cell metabolic viability and the inflammatory
profile of cancer and immune cells [78].

Herein, a study recently showed ICD induction and DAMPs release from cancer
cells even by plasma synthesized gold nanoparticles coated with polydopamine
(Au@PDA NPs) treatment. This study demonstrated exceptional specificity towards
tumor cells. The functionalized gold nanoparticles were synthesized by a plasma-
based green synthesis procedure in short time and minimizing the utilization of
hazardous agents. Notably, these gold nanoparticles not only stimulated ICD but
also exhibited high cellular internalization in cancer cells. Furthermore, it was
detected that danger molecules were secreted by exposed cells simultaneously with
the process of autophagy after treatment, which acted as endogenous danger signals
regulating subsequent immune response (Fig. 2.16). This investigation emphasizes
the mechanism of plasma based functionalized gold nanoparticle triggered cancer
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Fig. 2.15 Outcomes of murine immune cells treated by gas plasma. a Image of the murine spleen
before homogenization; b viability of immature (-PMA) and stimulated (+PMA) spleen cells after
exposure; ¢ chemokine and cytokine concentration after 2 min of plasma exposure in immature
spleen cells at 24 h [78]
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cells [69]

targeting immunity for resistant cancers, proved the ability of these nanoparticles for
immunotherapy against cancers [69].

Nonetheless, this immune-activation or immune-stimulation are of research is
very new, and study on immune cell infiltrate in plasma-treated cancers are unique.
Having in mind the ability of an human body immune system and green plasma
treatment technology, recently several immune therapy-based strategies have been
the key plasma-based revolution in this era. The immunomodulation-based concept
using plasma or plasma products is established on the fact that ICD is induced,
DAMPs are released and cancer targeting immune cells are activated after treat-
ments. Plasma therapy can be peculiar or comparable to the previous treatments for
anti-cancer strategies such as electrochemotherapy [14], ionizing radiation [3], and
photodynamic therapy [72], ICD becoming a popular strategy for cancer therapy.

2.4 Conclusion and Future Prospective

The role of plasma generated active species and other components are associated
with cancer treatment emphasized the RONS functions in plasma bioscience and
medicine field. These active species are major players for several intra- and extra-
cellular mechanisms or processes. Likewise, the plasma-stimulated liquid is a crucial
topic to understand further as gaseous species can interact with liquids or wet tissues



2 Cancer Treatment and Immunomodulation by Nonthermal Plasma ... 53

in actual biological conditions. Plasma-based treatment involves therapeutic appli-
cations of nonthermal plasma in various areas, such as cancers, dental, decontami-
nation, cosmetics, control of multi-drug resistant microbes, viruses, wound healing,
and neurodegenerative diseases. It is also determined that plasma can induce ICD
in cancers and can produce DAMPs or antigens linked with the secretion of various
cytokines/chemokines. These plasma-based immunogenic strategies lead to dendritic
cells or macrophage and other immune cells stimulation and have the capability to
build an advanced future technology to regulate immune response without signifi-
cant side effects. The recent comparison showed that plasma has merit in the case
of side effects and effects on immune cells compared with other conventional phys-
ical therapies (Table 2.2). In the future, the investigation on the synergy between
plasma and nanomaterials/drugs against cancers, other conventional treatment, and
plasma-based vaccine procedures should be taken into consideration. Further, the
future tasks involve the standardization of plasma doses and sources for biological
and medical applications.

Acknowledgements This work was funded by the NRF of Korea, funded by the Korean government
(2021R1A6A1A03038785, 2021R1F1A1055694, 2021R1C1C1013875).

Table 2.2 Table depicting the comparison between plasma, radiation therapy, and photodynamic
therapy [41]

NTP RT PDT
Targeted Yes Yes Yes
May require invasive | Yes No Yes
procedure for
application
Side effects Unknown no major side | Skin changes, second | Skin changes
effects reported cancer, site specific
side effects caused by
damage to nearby
organs
Mechanism of action | Oxidative stress DNA breakage Oxidative stress,
damage to tumor
blood vessels
Depth of effect Superficial Deep Superficial
Causes ICD Yes Yes Yes
Direct effects on Preservation/stimulatory | Suppressive Suppressive
immune cells

NTP: Non-thermal plasma, RT: radiation therapy, PDT: photodynamic therapy
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Chapter 3 ®)
Cold Plasma in Dentistry ez

Jae-Sung Kwon

3.1 Introduction on Dentistry

3.1.1 Oral Tissues

Oral tissues are unique part of our body which consists of different organs. One of
main organs in oral tissues are tooth. Tooth can be further categorized into three
different tissues; enamel, dentin and cementum.

Enamel is the most outer layer of the tooth at the crown which are also most
highly calcified among three tissues. It provides hard surface for the efficient chewing
(mastication), which would be one of the main roles of the tooth.

Meanwhile, dentine is located beneath enamel at the crown, and forms the bulk
of the tooth. The junction between the dentin and enamel is called dentin-enamel
junction. Dentin at the root part of the tooth is covered by cementum, which acts
as layer between surrounding jaw bone, known as alveolar bone, and the dentine.
Both dentine and cementum are very similar in the composition of the bone as they
are mainly composed of collagen type I matrix reinforced with calcium phosphate
mineral in the form of apatite. However, unlike bone tissues, regeneration of tooth is
very difficult, as fracture of the part of the tooth would not result in natural healing
or fusion (if broken pieces are placed together), unlike fracture of the bone which
would naturally heal by casting with appropriate managements.

Within the tooth structure, a chamber is located beneath dentine, which is called
pulp chamber (pulp cavity). Pulp chamber is extended into root part of the tooth as
root canal, and the space is filled with nerves and vessels. Such nerves and vessels are
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Fig. 3.1 Anatomical structure of tooth

connected to nervous and vascular system of the jaw bone (mandibular and maxillary
bone), which provides important function such as providing nutrients to tooth.

Other organs of the oral cavity include gingival tissue that is commonly known
as gum tissue. They are soft tissue that surrounds alveolar bone. Gingival tissues
and alveolar bone can be collectively called periodontal tissue. Gingival tissues are
extended to oral mucosa, which as name suggest, are mucosal tissues covering inner
parts of the oral cavity including uvula etc. (Fig. 3.1).

3.1.2 Oral Environment

Oral environment is also very unique in comparison to other parts of the body. In
terms of temperatures, our body temperature is maintained at relatively narrow range
near 37-37.5 °C. Rise in temperatures even to 1 or 2 °C would result in difficulties
of physiological functions, and therefore medications are required to lower body
temperature. However, oral cavity is exposed to various conditions of temperature.
Drinking or consumption of cold or hot drinks/foods would result in change of
temperature between 4 to 50 °C. Still, oral cavity is capable of withstanding such
radical changes of temperature.

Variations of pH can be also dramatic in oral cavity. Acidosis or alkalosis from
body pH of 7.4 may result in respiratory or cardiovascular problems but oral cavity
would be exposed to wide pH changes as we consume food or drink.

Changes in humidity may also have effects on oral cavity. As oral cavity is
constantly occupied by saliva under normal physiological state, oral cavity main-
tains wet environment. Still, as with any open cavity, exposure to surrounding air by
opening mouth would rapidly dry the cavity. Such problems are often associated with
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growth of biofilm, especially anaerobic bacteria or fungal growth on either dental
tissue or dental materials.

3.1.3 Common Dental Disease

One of the most prevalent and perhaps important dental disease is dental caries. As
stated above, oral environment provides good environment for bacteria to culture and
consequently form biofilm. Bacteria that result in caries, also known as cariogenic
bacteria, can be attached and grow on surface of tooth. One of the well-known
cariogenic bacteria include Streptococcus mutans, which is often considered to be
primary etiological agent of dental caries. As we consume carbohydrate-based food,
these bacteria would then utilize such carbon and energy source molecule result in
end product of acid such as lactic acid. Lactic acid would then result in erosion of
enamel surface and later dentin surface. Deep erosion would result in exposure of pulp
chamber or root canal to bacteria, result in endodontic infection that requires painful
process of endodontic treatment (root canal treatment). As the limited regeneration
of tooth structure as mentioned above, treatment of dental caries is currently based on
removal of caries (eroded surface along with bacteria), and to replace with artificial
dental materials known as dental prostheses or restoratives.

Gingival or periodontal disease is also common dental disease, which result from
presence of bacterial biofilm on the surface of periodontal tissues, and consequent
formation of calcified structure known as dental calculus to result in inflammation of
gum and periodontal tissues. Although the etiology is still unclear, the main bacteria
responsible for periodontal disease, Porphyromonas gingivalis, has been linked with
development of periodontal disease and also associated with other systemic disease
such as cardiovascular or neurovascular diseases. Although treatment of periodontal
disease is possible with antibiotic applications or anti-inflammatory measures, best
option is to prevent inflammation in the first place by regular removal of dental
calculus. Severe periodontal disease would even result in loss of tooth or resorption
of alveolar bone, which would require dental implant with bone filler in order to
replace function.

3.2 Application of Cold Plasma on Dental Materials

3.2.1 Application of Cold Plasma on Dental Implant Surfaces

As mentioned earlier, tooth cannot be regenerated once lost or damaged. Dental
implant provides functional recovery of lost tooth in relation to mastication and
esthetic appearances. With aging population and increasing interest towards better
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quality of life, dental implant industries are growing at rapid phase, which also
consequently resulted in increasing research related to the topic.

Dental implants are often divided into different parts, and screw like structure that
is inserted into alveolar bone is often called dental implant though other terminolo-
gies such as dental implant fixture or dental implant body are also used. Currently,
commercially pure titanium (Cp-Ti) is most commonly used as the material of
choice for dental implant. Cp-Ti are graded in accordance to the contents of oxygen,
where Grade 4 is the Cp-Ti that is commonly adapted for its biocompatibility and
ability to form passive oxide layer for integration with surrounding bone, term called
osseointegration.

Success of dental implant would depend on the bonding or integration between
material and surrounding bone. This is often called osseointegration, as the process
would require integration between surrounding bone and oxide layer of the titanium.
Such process would require both osteoconductive and osteoinductive features of the
materials. In other words, surrounding bone would require making more of bone
like cells (osteoconduction) while newly supplied stem-like cells would need to
differentiate into bone like cells (osteoinduction). In order to induce better and quicker
osteointegration and therefore increase success of dental implant, numerous studies
have been conducted. These include change in design of the material or change in
topographical features of the material. Currently, the most successful implant surface
in terms of topography, has been the surface known as sandblasted, large-grit, and
acid-etched (SLA) surfaces. The process of SLA involves sandblasting of titanium
with relatively large-grit size of particles such as alumina powder (of around 50 pum)
followed by acid etching on the blasted surface with hydrochloric acid in order to
from relatively nano-like roughness. The resultant surface will appear micro-nano
mixed roughness which indicated to result in significantly improved osseointegration
(Fig. 3.2).

Fig. 3.2 Scanning electron microscopy image of titanium following sandblasted, large-grit, and
acid-etched (SLA) process before (a) and after (b) cold plasma treatment. The results show no
changes in micro-nano appearance of original SLA surface even after cold plasma treatment [9].
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Many of other researchers then tried to improve such SLA treated surfaces, though
most of process resulted in pressure or force that changed such favorable topograph-
ical state. Hence, method of preserving topography but enhancing chemical state of
dental implant surface has been investigated. For example, ultraviolet (UV) surface
treatment has indicated to preserve SLA surface while enhancing hydrophilicity and
also osteoconductive and osteoinductive features, as the UV resulted in removal of
hydrocarbon contaminants [11].

Similar ideas were also adapted with cold plasma. As cold plasma would provide
effects similar to UV, by applying reactive oxygen species (ROS) that would react
with surface chemistry of titanium and consequently remove hydrocarbon contam-
inant while have no effects on surface topographical features, possible use of cold
plasma has been investigated.

Similar ideas were also adapted with cold plasma. As cold plasma would provide
effects similar to UV, by applying reactive oxygen species (ROS) that would react
with surface chemistry of titanium and consequently remove hydrocarbon contam-
inant while have no effects on surface topographical features, possible use of cold
plasma has been investigated.

Lee et al. [9] investigated effect of applying cold plasma on SLA surface of
titanium for little as 10 min, which the result indicated that the surface topographical
features are preserved as above, while surface chemical analyses indicated that initial
carbohydrate amount on the surface reduced with application of cold plasma, and
consequently lead to improved hydrophilicity (Fig. 3.3).
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Fig. 3.3 X-ray photoelectron spectroscopy analyses of C 1 s on SLA titanium (NP) following 2 min
(P2) and 10 min (P10) of cold plasma exposure. Peak of C; on 284.8 eV corresponds to hydrocarbon
which decreased dramatically following cold plasma exposure. Also, there is small drop of C, peak
which at 288.2 eV, which related to carbon-oxygen bond [9]
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Fig. 3.4 The result of different chemical functional groups forms on SLA-treated titanium by cold
plasma. Some of functional groups may be favorable to bone cell attachment via molecules such as
integrin and consequently lead to bone cell differentiation by focal adhesion kinase (FAK), vinculin,
actin etc. [8]

Despite may of similarities with UV treated SLA surfaces, however, there were
some key differences with cold plasma treated dental implant surfaces. UV would
remove hydrocarbon for improved hydrophilicity and consequent better cell reac-
tivity, but cold plasma would not just remove hydrocarbon, but would be able to form
different functional groups in accordance to ROS that is formed by cold plasma. In
another paper by Lee et al. [8], authors investigated how differences in chemistry
would result in cellular reaction, especially with initial bone cell attachment via
integrin like molecules (Fig. 3.4).

Advantages of cold plasma in terms of forming functional groups on the surface of
titanium would be favorable features of using such technique. In terms of chemical
functional groups, numerous researches have been already conducted to conclude
what chemical functional group would provide best results in terms of osseointegra-
tion. One of the chemical groups indicated to be linked with superior osseointegra-
tion is amine (NH,) groups. Still, forming such chemical functional group has been
difficult process as the procedures were often time consuming, expensive or even
ineffective. Hence, use of cold plasma to tailor produced reactive nitrogen species
(RNS) and consequently result in forming chemical functional groups such as amine
like structure has been investigated. One of the methods that has been adapted was
using a gas supply with humidification with water or other chemicals [4] (Figs. 3.5
and 3.6).

Along with osseointegration, other cellular and tissue activities surrounding dental
implant would play important role in success of dental implant. Gingival tissues
activities would be one of the key roles of soft tissue, where adequate sealing at
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Fig. 3.5 The schematic diagram of forming tailored reactive nitrogen species from cold plasma
(non-thermal atmospheric plasma jet). Nitrogen gas would pass over ammonia solution to result in
humidified nitrogen with ammonia, which would then be suppled as gas source for the cold plasma
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P resulted in dramatic decrease in hydrocarbon as before but not much change in nitrogen related
species. However, NA-P resulted in not only the reduction of hydrocarbon but formation of chemical
functional groups related to nitrogen. These were also evident with chemical composition graph
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the level of bone and soft tissue division would allow prevention on soft tissues
to be infiltrated into alveolar bone space. Such tissue growth would be especially
important during dental implant placement, as many of these patients would have
inflamed periodontal tissue from chronic exposure to periodontal disease, which
would have led them to undergo dental implant surgery in the first place. Hence,
not only enhancing the bone cell and tissue activities, activities of gingival cells or
tissues were investigated on the surface of cold plasma treated titanium. Jeong et al.
[1] reported that when chemical functional groups are formed by cold plasma on
titanium, cell lines such as immortalized human oral keratinocytes (IHOK) and oral
fibroblasts (nTERT-hNOF) increased in cellular activities in terms of attachment and
proliferations. Moreover, when these cells were induced with inflammation by LPS
like molecules, interleukins and other inflammatory markers were reduced on the
surface of cold plasma treated titanium (Fig. 3.7).

Formation of chemical function group that is effective while having no effects
on surface topographical features are huge advantages. Understanding of how bone
cells are interacting with biomaterial surface is still ongoing, and therefore, role of
new chemical functional group may be presented later. In such cases, gas supply of
cold plasma could be modified for provision of such favorable surfaces.

In parallel to the research on improving osseointegration of the dental implant,
research related to reducing side-effects from placing dental implants also have been
widely studied. One of the common side-effects would be the post-surgical infection,
resulted from attachment and growth of bacteria on the implant surfaces. It has been
suggested that chemical functional groups formed by ROS or RNS of cold plasma
on the surface of the titanium would result in inhibition of bacteria attachment or
growth. Yoo et al. [12] applied cold plasma on titanium surface and investigated
attachment and growth by planktonic bacteria. Two bacteria; Streptococcus mutans
and Staphylococcus aureus were investigated, which reduced number of bacteria
attachments resulted from cold plasma treatment on titanium.

Such effects were not seeming to be influenced by surface topographical features,
such as SLA surface treated implant. As SLA surface resulted in superior bone cell
attachment and consequent improved osseointegration, it may also provide favorable
surface for the bacteria to attach and therefore result in infection. Jeong et al. [2]
investigated the influence of topographical features along with cold plasma treatment.
When bacteria such as Steptococcus sanguinis were cultured on titanium, indeed the
greater attachment were resulted on the rough SLA surface of titanium compared to
smooth surface. However, reduction of attached bacteria was dramatically reduced
to the level similar to bacteria on smooth surface following exposure to cold plasma
(Fig. 3.8).

Such effects of cold plasma treated surfaces on attached bacteria were not only due
to change in surface energy or surface hydrophilicity, as the appearance of individual
bacteria were altered on the surface of cold plasma treated titanium (Fig. 3.9).

Why bacterial shape and structure would be altered by attaching on titanium
with chemical functional group from ROS or RNS of cold plasma is still under
investigation. One of the suggestions by Lee et al. [10] was linked with interactions
with cell wall structure with chemical functional group, which consequently would
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Fig. 3.8 Colony forming units (CFU) of Steptococcus sanguinis following cultured on; a before
cold plasma (non-thermal atmospheric pressure plasma, NTAPP) treatment on smooth titanium, b
after cold plasma treatment on smooth titanium, ¢ before cold plasma treatment on rough titanium,
and d after cold plasma treatment on rough titanium. e The bacterial attachment on each titanium
surface is shown as a quantitative result [12]

Fig. 3.9 Scanning electron microscopy images of Streptococcus mutans on titanium surface, before
(a) treatment with cold plasma or after treatment with cold plasma for 30 s (b), 60 s (¢) or 120 s (d).
Not only reduced attachment growth of bacteria were evident, but also typical chained structured
of Streptococcus mutans was altered with breakage of chains [12]
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5. murans

8. aurens

Fig. 3.10 Changes in bacterial morphology on control titanium (NP) and titanium exposed to cold
plasma for 2 min (P2) or 10 min (P10 as observed by scanning electron microscope (a) or trans-
mission electron microscope (b). Two gram-positive bacteria, Streptococcus mutans and Staphy-
lococcus aureus, and two gram-negative bacteria, Klebsiella oxytoca and Klebsiella pneumoniae
were investigated where all of them showed reduced attachment on cold plasma treated titanium
but effects were less evident with gram-negative bacteria [10]

lead to different morphology of the bacteria. This was evident as the results were
different between gram-positive and gram-negative bacteria which have different
cell wall structure. Study concluded that exposure to cold plasma on titanium would
have chemical functional groups changes leading to oxidation of bacteria, where this
would be more sensitive to gram-negative bacteria as they have different cell wall
structure to gram-positive bacteria (Fig. 3.10).

3.2.2 Application of Cold Plasma on Adherend for Improved
Bonding

Bonding and adhesion is important in dentistry. As the lost part of tooth cannot
be regenerated, materials that would act as replacement either as artificial crown,
restoratives or other prosthesis would need to be boned to tooth structure. Cements
or resin-like material-based adhesives are commonly used in dentistry, and improve-
ment of adhesive force would result in increased success of long-term treatment.
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Fig. 3.11 Example of
adhesion test sample (a) and
actual test carried out

(b) between epoxy resin and
core resin used in dentistry

[3]

Hence, adhesive force is often tested for dental materials between two different
materials (Fig. 3.11).

As the hydrophilicity would be increased by application of cold plasma, this would
be advantages for adhesives to flow freely on dental materials, aiding improved
adhesions. Also, some of chemical functional groups formed by cold plasma on
dental materials would aid adhesives or cements to form chemical bonding between
the layer. For example, study by Kim et al. [3] demonstrated that higher shear bond
strength and other related bonding test results between epoxy resin and core resin
by applying cold plasma on epoxy resin. Although surface energy may be the key to
the success for adhesion by cold plasma treatment, other factors such as increased
salinization by cold plasma ROS or RNS, or other bonding related chemicals may
have important role.

3.2.3 Application of Cold Plasma on Dental Materials
Jor Other Purposes

Some of role of cold plasma that have been investigated was to possibly replace
otherwise difficult or increased risk process. Conventional method of producing pros-
theses or restoratives involves process known as lost was technique. This first involve
taking impression of prepared tooth (with removed caries) along with surrounding
soft tissues. Vinyl polysiloxane based materials are commonly used for such process
and hydrophilicity of these materials are important for the success as any artificial
objects such as saliva would result in defect of impression and hence very low contact
angle with thinned layer of saliva would be helpful. Surfactant is therefore commonly
used to improve hydrophilicity but some of them may cause toxicity. Hence, alterna-
tive option to improve hydrophilicity of the dental impression material is required,
which cold plasma has been suggested as one of the option [6]. As cold plasma would
be portable that would allow quick treatment of dental materials before taking dental
impression, this may provide alterative option to increased risk of toxicity by the
surfactants (Fig. 3.12).



3 Cold Plasma in Dentistry 73

Inner electrode

1
|
(/1 i
Il

Quartz tube ‘ Q - _H\‘\\_‘

)

| ( e
|

<~ AC high voltage N
‘& power supply N

IJ.Re‘.e’jistor (C) ; . \

Outer electrode Wi

Porous alumina

2mm |

Fig. 3.12 Example of portable cold plasmain jet form (a) which can be applied on dental impression
materials on the tray (b) and consequently improve process of impression taking (c) [6]

3.3 Application of Cold Plasma on Dental Cells or Tissues

Despite complicated structure of oral tissues, most of tissues are composed mainly
of either bone like osteoblast cells or soft tissue like fibroblast cells. Although many
of application of cold plasma in medical field has been focused on either killing of
leading apoptosis of cancer cells or other relevant cells, studies in dentistry has been
more focused on regeneration of tissues. Perhaps the reason may be due to the fact
that dental tissues would be difficult to be regenerated while some of the process
would require clinically long and costly process.

It has been well known that at low dose of cold plasma, cells are activated
and enhanced in their growth-related cycles. When cold plasma was exposed to
osteoblast, high level of actin filament was evident [7]. This, however, just required
60-240 s for the effective results (Fig. 3.13).

Like many of similar studies, effects were also evident when culture media was
first exposed to cold plasma, and cells are later exposed to the culture media. Study
indicated that ROS or RNS formed by cold plasma may have reaction with some of
chemicals in culture media, and consequently result in change in cellular activity.

One of the commonly investigated possible ROS or RNS related chemicals linked
with increased cellular activity would be nitrogen oxide (NOy ). When possible, appli-
cation of cold plasma on gingival cells for gingival tissue healing following the peri-
odontal disease, it was evident that scavengers such as c-PTIO, that removes nitrogen
oxide, would result in diminished effects from the cold plasma [5] (Fig. 3.14).
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Fig. 3.13 Morphology of murine osteoblast (MC3T3-E1) observed under confocal laser micro-
scope after 4 h of culture and staining with rhodamine phalloidin (actin, red) following direct
plasma exposure to cell and culture media for; a O s (control), b 10s, ¢ 30s,d 60 s, e 120 s and f
240 [7]

Relative Expression of TGF-
Relative Expression of VEGF

Test Groups Test Groups

Fig. 3.14 Gene expression level of TGF-f and VEGF related to proliferation and growth of gingival
cells, following exposure of human gingival cells for 1, 2 or 4 min of cold plasma. Expression levels
were measured with or without scavengers, and when c-PTIO is present that is nitrogen oxide related
scavenger, effect of increased gene expression as in ‘Without Scavenger’ seems to be diminished

[3]
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3.4 Others

There are many other areas where application of cold plasma has been investigated in
dentistry. Esthetic application is one of the areas that is still ongoing and perhaps more
interest in commercial companies than any other studies mentioned above. Current
tooth or teeth whitening involve use of hydrogen peroxide or their derivatives with
or without light energy application. The idea is to produce ROS from hydrogen
peroxide that consequently would remove staining chemicals. However, dose of
hydrogen peroxide that can be used both in home and dental clinic is limited in many
parts of the world due to the danger related to chemicals.

As cold plasma would also produce ROS and perhaps safer than the high dose
hydrogen peroxide, it has been naturally investigated for the purpose of tooth
whitening. Many studies concluded that the cold plasma is an effective tool where
higher the dose of ROS produced by altering source gas (such as use of humid gas)
would result in better tooth whitening, though limitations such as ozone production
and other electricity related safety issues are still to be solved.
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Chapter 4 )
Nonthermal Plasma-Based Virus Geda
Inactivation and Sterilization

Nagendra Kumar Kaushik, Yungoh Shin, Sehoon Ki, Ihn Han,
Neha Kaushik, and Eun Ha Choi

Abstract Recent reports regarding plasma and plasma-treated liquids against
viruses suggested satisfactory virus inactivation or sterilization strategies to decrease
contamination or treat viral diseases. In this chapter, we have discussed the role of
various plasma sources on different viruses linked with viral diseases and their selec-
tivity. Nonthermal plasma has excellent capabilities like a novel antiviral agent and
has numerous benefits more than the traditional sterilization methods. Plasma can
have advantages over other conventional methods since plasma application comprises
the delivery of RONS that can detrimentally affect the functionality of viral pathogens
including damage to nucleic acid, lipids as well as proteins. It has been also shown that
plasma can selectively enhances the host cell’s defense system capabilities. More-
over, plasma-based approaches for vaccine preparation against various pathogenic
viruses and treatment of infected cells, immune cells, and organs have been discussed
in this chapter.

4.1 Introduction of Animal Viruses

4.1.1 Definition of Virus

Viruses are described as very nanometer size small agent and capable to proliferate
with in the cells of host. Viruses either consist of DNA or RNA genome and encased
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by protective coat made up of protein with or without envelop. Viruses are distin-
guished from other microorganisms in three main properties. Viruses are smaller
than other organisms and mostly are in size from 10 to 300 nm with few excep-
tions. In comparison, most bacteria are approximately 1000 nm and erythrocytes
are 7500 nm in diameter. Secondly, the genome of viruses has either DNA or RNA.
Thirdly, viruses have no metabolic activity outside susceptible host cells; they do not
have any ribosomes or protein-synthesizing apparatus with some exceptions. Viruses
cannot multiply in inanimate media but only inside living cells. Upon entry into a
susceptible cell, the virus genome or nucleic acid is transcribed into mRNA or itself
act as mRNA. Then the virus directs the replication of new virus particles and then
assembles new virus particles.

4.1.2 Human Viral Epidemics of Recent Forty years

The word virus was known to be appeared in 1599 for the first time and originally
meant “venom” which had been used in “J/5 & with same meaning in the far East
until recent time. Viral pandemics have dominated human viral diseases for a long
time up to middle 19 century. However, the development and use of viral vaccines
including smallpox, measles and polio had decreased viral pandemics rapidly. There
were even the tendencies that many virologists and epidemiologists would expect
no more serious viral pandemics except influenza and few viral respiratory diseases
in the future. However, big pandemics like human immunodeficiency virus (HIV)
had just prepared to begin big pandemics from macaque in 1950s. During last forty
years, world faced pandemic of Human Immunodeficiency Virus (HIV) in 1981,
HINT influenza virus in 2009, Severe Acute Respiratory Syndrome Corona Virus
(SARS-CoV) in 2002~ , and most recently SARS-COV-2 in 2019 ~ till now. Approx-
imate 75% of recent viral pandemics of forty years are known to be caused by animal
originated viruses. The increase of recent viral pandemics caused by animal is consid-
ered related with changes of environment, ecosystem, and human culture including
high population density and international travelling [1].

4.1.3 Structure and Function of Virus

Viruses are inactive out of the host cells and incapable to produce energy or vitality.
Virus particles completely rely on the complex biological system of prokaryotic or
eukaryotic host cells during replication. They used to deliver DNA or RNA genome
inside the cells for transcription and translation support by the host cells. The simplest
virion, complete virus particle, consists of two key elements, genome and a protective
coat, the capsid. Capsid serves as a shield to protect the single stranded or double
stranded RNA and DNA from nucleic acid enzymes or other factors. These proteins
protective coats are coded by the virus genetic material. Virus genetic material codes
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for only some important proteins having structural or non-structural function which
are important in virus propagation. These virus coats are consisting of protein shells
made of single or double layers and few structural proteins. Thus, several protein
copies need to be assembled to create 3D capsid protective structure. There are two
basic patterns in virus structure, namely helical symmetry, where proteins and the
genome are organized in a spiral form. The other pattern is icosahedral symmetry
which is assembled into a symmetric shell.

4.1.4 Classification and Nomenclature of Animal Viruses

Classification of viruses is the system of identifying viruses for enlisting them in a
taxonomic approach like complex organisms classification system [2]. These parti-
cles can be categorized by morphological properties, genome type, replication mode,
type of host, and finally the viral illness they produce. There are millions of viruses
are present in the earth. However, approximately 5000 viruses are widely known and
studied. There are several classification models in virology depending on basis of
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Fig. 4.1 Models of 18 RNA virus families [3]. Copyright © McGraw-Hill Education
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criteria. Furthermore, virus classification is continuously being changed with time
because new viruses are isolated and added for classification. Traditionally animal
viruses were classified into 10 DNA virus families and 18 RNA virus families as
shown in Fig. 4.1.

However, new virus families are added continuously because of new classification
system being established. As in example, Hantavirus was isolated from Hantan river
in South Korea was classified to Bunyaviridae family in the past. However, new
classification put Hantavirus to Hantaviridae (or Orthohantaviridae).

The Baltimore classification system, one of the most important classification
system to divide viruses into seven groups based on the synthesis of messenger
RNA from genome (Fig. 4.2). For example, group IV include Families of Coron-
aviruses, Picornaviruses and Togaviruses. However, Picornaviridae family has no
envelope, while Coronaviridae and Togaviridae families have envelopes. Presently,
animal virus classification used multiple systems depending on virologists. In 1966,
The International Committee on Taxonomy of Viruses (ICTV) was founded as the
universal commission on naming viruses. This committee approves and manages
the systematic categorization, and naming of viruses. The international taxonomic
system for viruses has been developed by the ICTV to fittingly name, define, and
categorize viruses that infect organisms.

It is true that traditional common names are very often used in real virology
world. Morphological data, structure of genetic material and replication mode in
addition to the biochemical composition with configuration of the nucleic acid could
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be included in the criteria in virus nomenclature. The virus names ending in -viridae
for representing virus families, -virinae is representing subfamilies and ending in
-virus represent its genera has achieved worldwide recognition.

4.2 Overview of Emerging Human Coronaviruses

4.2.1 Common Cold Causing Coronaviruses in Human

So far, there are 4 species of human coronaviruses causing common cold. Alphacoro-
navirus genus includes 2 common cold coronavirus species; Human Corona Virus
229E (HCoV-229E) and Human Corona Virus NL63 (HCoV-NL63), while Beta-
coronavirus genus includes Human Corona Virus OC43 (HCoV-OC43) and Human
Corona Virus HKU1 (HCoV-HKU1) [4]. On the other hand, Gamma and Delta
Coronavirus genera have no common cold causing coronavirus species. HCoV-229E
is a virus species which affects humans and bats. HCoV-229E virus receptor is
Aminopeptidase N (APN) and is related with a range of respiratory symptoms, from
common cold to pneumonia and bronchiolitis. Human coronaviruses were discov-
ered in the 1960s by E. C. Kendall et al. from common cold patient. They could grow
the virus through organ culture of human embryonic trachea. Another virus strain
was isolated and grown in kidney tissue culture, designating as 229E which became
worldwide reference strain of coronavirus today. HCoV-NL63 was detected in late
2004 from a child with bronchiolitis in the Netherlands. This strain was found as
one of Alphacoronavirus genus and it’ receptor on cell is ACE2. NL63 virus also
causes common cold worldwide. Human coronavirus OC43(HCoV-OC43) infects
human and cattle and belong to Betacoronavirus genus. The strain’s receptor on host
cell was found as the N-acetyl-9-O-acetylneuraminic acid also known as Sialic acid.
HCoV-HKUI is a coronavirus species causing common cold together with pneu-
monia and bronchiolitis in humans and animals with sialic acid receptors. It is one
of rare coronaviruses with Hemagglutinin esterase (HE) protein in viral envelope.

4.2.2 SARS Causing Viruses

SARS-CoV-1

SARS-1 is a respiratory infection caused by virus of animal origin produced by
SARS-CoV-1. The first cases occurred in 2002 in China and caused severe respiratory
disorder with high mortality rate of 11.0% in 2002 outbreak. HCoV-NL63 is corona
virus of bat origin, which points to the ancestry origin of HCoV-1. Asian palm
civets were found as intermediatory animal of SARS-CoV-1 in Yunnan in 2017.
Civet SARS-CoV showed approximately 99.8% of similarity to SARS-CoV-1, while
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SARS-CoV-2 has genetic similarity of 79% to SARS-1. The outbreak of SARS-CV-
1 caused 8,469 infected persons worldwide. Epidemiological and seroprevalence
studies suggested zoonostic origin of SARS-CoV-1. Bats are likely to be the natural
reservoir but do not show any visible signs of disease by SARS-CoV-1.

SARS-CoV-2

SARS-CoV-2 is a coronavirus species to cause severe acute respiratory syndrome.
This virus shows genomic similarity with bat coronaviruses and its origin is zoonotic,
indicating it might be developed from a bat coronavirus. The origin of this virus is
still in debate. Researchers are speculating whether it is originated from bats or came
indirectly via other intermediate. For the entry to human host, SARS-CoV-2 binds
with angiotensin converting enzyme 2, a protein receptor on cell membrane. There
are several variants of SARS-CoV-2 since 2019, this coronavirus and its variants
causes coronavirus disease named as COVID-19. Few variants are of particularly
important to study due to their capacity for enhanced transmission, enhanced viru-
lency, or decreased efficacy of vaccines. So far, several variants causing COVID-19
have been described as variants of concern (VOC) such as Alpha, Beta, Gamma,
Delta, and Omicron. A category named “variants of interest” is designated to those
variants which shows some of criteria related to COVID-19 pandemic. Also “variants
under investigation” are variants under investigation for validation or verification of
their properties. Once validated, variants of interest or VUI may be renamed “variants
of concern” by monitoring organizations. A new category is “variant of high conse-
quence”, designated by CDCs in USA or other countries worldwide in case of strong
proof that the prevention efficiency and intervention procedures are significantly
decreased or absent.

4.3 Plasma-Based Virus Inactivation Strategies,
and Mechanisms

Mechanically, a plasma is comprised of excited electrons which produce active
species that further react to make long lived species such as hydrogen peroxide,
nitrates and nitrites, and many more varying on the plasma parameters and gas
type. Several plasma sources are being established towards biomedical applications
involving cancer, and infectious diseases treatments. Our group and other scien-
tists have revealed that plasma has been largely developed as an promising and
safe methodology for anti-tumor treatment [5—8]. Preferential selectivity of plasma
towards cancer cells over their normal counterparts make hem attractive among
researchers as a innovative treatment approaches. Additional plasma applications
includes the elimination of cancer-resistant tumor initiating cells, stimulation of
keratinocytes proliferation and wound repair process via the blockade of the gap-
junction proteins [9, 10]. A mounting number of evidence suggest that plasma expo-
sure could be utilized to eradicate infection microbes such as bacteria, viruses and
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fungus. Many inventors have disclosed that plasma could efficiently destroy biofilm
matrices and kills bacteria, transform extracellular matrix characteristics and promote
particular cellular behaviors [11-14].

Last some eras, plasma was often acknowledged to show successful antimicro-
bial activity towards multidrug-resistant microbes on solid surfaces in diseased and
septic skins. It has been discovered that the subsequent highly plasma-generated
RONS are exceptionally effective in pathogen inactivation. Hence, it could be consid-
ered as a favorable medical tool with numerous clinical issues. Reports regarding
plasma outcomes on viruses suggested a satisfactory virus inactivation or steriliza-
tion strategy to decrease contamination or treat viral diseases [15, 16]. In this chapter,
we discussed the role of various plasma sources on different viruses linked with viral
diseases. Nonthermal plasma has great capability like a novel antiviral agent and has
numerous benefits more than the traditional sterilization methods. Although plasma-
based sterilization has some resemblances to some chemical methods, it could be
recognized as a physical decontamination technique because it barely needs air and
electricity. It is worth to mention that active species are generated in situ therefore
no other additional chemical is required from outside. Distinctive plasma devices are
applied by various scholars to examine the inactivation of diverse viruses (Fig. 4.3). In
case of indirect treatments, the plasma is produced at a remote position to treat liquids
or other substances and later these plasma-based products are used to treat viruses
or experimental samples. Whereas most of the jet plasmas showed the identical
operational ideologies, variances in actives species generation could be anticipated.
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Fig. 4.3 Schematic presentation of various plasma devices can be used to sterilize viruses. a Direct
treatment by dielectric barrier discharge, b jet plasma, ¢ direct treatment by jet plasma, d indirect
jet exposure using treated solutions or liquids, e remote treatment by volumetric dielectric barrier
discharge, f gliding arc, g integrated coaxial microhollow dielectric barrier discharge, and h surface
dielectric barrier discharge [17]
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The application of plasma has been tested to both plant and animal viruses. Prac-
tically every report on plasma virus sterilization is exceptional since researchers
utilized certain plasma device with distinctive characteristics such as gas, exposure
time and power, gas or they interact with the exposure of various liquid capaci-
ties, substances (cells, solutions, surfaces), and virus types. Such wide-tunable range
makes it challenging to compare outcomes of any plasma based strategy and to
explain any comprehensive inactivation considerations (Fig. 4.4).
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Fig. 4.4 Diagrammatic representation of few examples of plasma devices used for virus deactiva-
tion inside various substrates. a Various plasma jets, b dielectric barrier discharge and c¢ different
substances inoculated with virus and exposed with plasma. Reprinted from Trends Biotechnol.,
38(11), Arijana Filipi¢ et al., Cold Plasma, a New Hope in the Field of Virus Inactivation,
P1278-1291. Copyright (2020), with permission from Elsevier [18]
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Plasma has been extensively used for sexually transmitted, respiratory as well as
enteric viruses, and reports have revealed the ability of plasma application [18]. It
is already described that plasma-based virus treatment is a reasonably latest area of
investigation [16], whereas certain reports over the earlier years have simply desig-
nated the plasma-induced virucidal properties alongside with its means of action
[19-21]. To examine the mechanism of plasma application in viral cells, one inves-
tigation study was performed in 2018, which investigated both plasma activated
solutions and DBD devices. This study determined that the plasma generated reac-
tive species ultimately impaired the protein and nucleic acid structures to destroy
virus cells [22]. Furthermore, researchers established a test that might assess DNA
impairment of bacteriophage lambda viruses treated by air plasma [23]. Nitrogen gas
plasma additionally deactivates influenza virus by damaging RNA and protein [24].
In another work, DBD plasma torch with feeding air gas has been fruitfully applied
to deactivate feline calicivirus, surrogate of foodborne norovirus [25]. Hepatitis A
and murine norovirus associated with everyday fresh meats were deactivated within
few minutes’ exposure using jet plasma source. Therefore, a plasma based approach
can be exploited in raw meat management and transport procedures to expand safety
of fresh meats [26]. These results draws a conclusion that plasma treatment deterio-
rates viral particles via demolishing their RNA, consequently leading to a failure in
infectivity rate [27] as shown in Fig. 4.5 [18].

Direct contact among plasma and matrices can result into more efficient virus ster-
ilization rather than remote exposures where stable species in the discharge facilitate
inactivation. However, direct plasma-matrices interfaces are extremely matrices-
dependent and are restricted through substrate morphologies and configuration.
Therefore, many scientists have determined on the sanitization using remote plasmas
strategies. Recent study displays comparable sterilization of feline calicivirus and
norovirus on lettuce or steel surfaces [28]. Inactivation of pathogenic bacteria such
as salmonella using the identical discharge source on food products, and steel
surfaces exhibited substantial alterations in inactivation efficiencies [28]. Overall,
the direct treatment strategy is more efficient towards viruses or microbes rather
than distant exposure methods. Particularly, it was discovered that distant dielectric
barrier discharge exposures were not effectual for dried virus condition, whereas
direct exposure can sterilize virus on equally humid and dried matrices [29, 30].
Though complete inactivation, more than 4 log order reduction was accomplished
for both exposure methods [31].

Plasma activated solutions (PAS) successfully inactivates bacteriophages (174,
T4, and MS2) and showed similar efficacy like direct plasma exposure to these viruses
[32]. Recently PAS, such as plasma activated saline, plasma activated water (PAW),
and 0.3% H,0, after 30 min of treatment reduced efficacy of NDV virus signif-
icantly [20]. PAW showed antimicrobial activity due to reactive species stored in
water after exposure, which can control density of microbial species and can help in
the treatment of virulent diseases specially in infected organs or tissue [33, 34]. This
research emphasizes the significance of these activated solutions as an environmen-
tally friendly sterilization strategy as an substitute decontamination tool in civil areas
including hospitals, offices, schools, as well as reduce application of harsh chemicals
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Fig. 4.5 Inactivation of viruses with the exposure of plasma. a Various virus particles treated by
plasma. b Pictorial representation of characteristics such as RONS reliable decontamination. ¢ After
plasma treatment, viruses are partially or completely broken to noninfectious particles. Reprinted
from Trends in Biotechnology, 38(11), Arijana Filipi¢ et al., Cold Plasma, a New Hope in the Field
of Virus Inactivation, P1278-1291. Copyright (2020), with permission from Elsevier [18]

such as chlorine-based disinfectants. Several zoonotic viruses are deemed as impor-
tant examples for future airborne viruses which can infect humans [35, 36]. However,
due to regulation of laboratory safety practices and associated risk, bacteriophages
are frequently utilized as model for airborne human infecting viruses. Bacteriophages
have several advantages such as they handling is easy and can be propagated in large
amount and quantified by easy methods [37, 38]. Recently researchers effectively
suggested and assembled a packed-bed dielectric barrier discharge source for the
protection from airborne virus, and this research was relevant to air sterilization [39].
Due to current spread of SARS-COV-2 viruses and its variants pandemic [40, 41], it
is of important to establish useful alleviating strategies or system that can sterilize



4 Nonthermal Plasma-Based Virus Inactivation and Sterilization 87

the viruses in public places and consequently control transmission. Recently, PAW is
used to demonstrated induction of structural alteration and spike (S) protein damage
in a SARS-CoV-2 pseudo-virus, offering an innovative sterilization technology to
combat the viruses and their variants [42]. This study specifically demonstrated
the effectiveness of PAW on the receptor-binding domain and S protein on the pseu-
dovirus of SARS-COV-2 (Fig. 4.6). However, the inactivation effects and therapeutic
potential of PAW on real corona viruses or SARS-CoV-2, and their variants have not
yet been reported.

Since all these reports demonstrated evidence that virus inactivation can be accom-
plished by various treatment strategies using nonthermal plasma source, the most
important characteristic of the deactivation is not well understood except damage
of virus particles by plasma reactive species. All procedures for focusing SAR-
COV-2 inactivation are showed that plasma treatment have ability to induce virus
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Fig. 4.6 Demonstration of FCV virus inactivation and it mechanism using DBD plasma source [25]
and plasma induced decontamination of aerosolized microdroplets [43]. PAW as decontamination
agent to damage spike protein specifically RBD domain to inhibit SARS-CoV-2 transmission [42]
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Fig. 4.7 Plasma-based mechanism of action on coronaviruses inducing functionality loss and
sterilization [44]

particle damage including damaging or etching virus coat or walls or membranes,
protein/enzyme denaturation, and destruction of genetic materials, as shown in
Fig. 4.7.

4.4 Conclusion and Future Prospective

Mode of transmission of pathogenic viruses can be through air, liquids, or contam-
inated surfaces for spreading. These mode of transmission possess distinctive chal-
lenges with respect to plasma-based sterilization or inactivation of viruses. Several
efforts has been focused on the advancement of new plasma-based strategies for
counteract viral infections have shown that plasma can act as potent antiviral agent.
Plasma induces virus inactivation via alleviating the level of airborne viruses and
virus loads on infected surfaces. Several studies in this area of research revealed the
effectiveness of various plasma devices for successful viral pathogen disinfection.
Recentinnovation emphasize the potential of plasma as a broad-spectrum disinfectant
against pathogenic microorganisms including viruses. Plasma can have advantages
over electrostatic precipitation [45] and other filters, highlight its importance as a
cutting-edge technology. Since, plasma application comprises the delivery of RONS
that can detrimentally affect the functionality of viral pathogens including damage to
nucleic acid, lipids as well as proteins, it can be used as a latent phase of infection as a
treatment strategy. Plasma can be used to develop approaches for vaccine preparation
against various pathogenic viruses and treatment of infected cells, immune cells and
organs. Plasma-based vaccine preparation strategies may include direct attenuation of
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Fig. 4.8 Plasma-based treatment strategies to reduce virus transmission, vaccine development, and
treatment of virus-associated diseases. Antigen presenting cell (APC); damage associated molecular
pattern (DAMP) [17]

virus particles in laboratory conditions. In future, interaction of plasma inactivated
viruses with immune cells should be taken into consideration for defining mech-
anism and further validation (Fig. 4.8). Practically, we need to address real-time
strategies to treatment infected patient via targeting complex molecular or immuno-
logical systems. Ultimately, plasma could be used as a cost-effective eco-friendly
tool against virus infections in humans.
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Chapter 5 ®)
Cold Plasma Based Wound Healing oo
Application

Kai Masur

Abstract The healing of wounds displays a complex process of consecutive steps:
homeostasis (stop the bleeding by forming a clot), followed by an inflammation
phase (to kill micro-organisms), subsequently followed by a phase of cell prolif-
eration and finally a phase of tissue remodeling. Usually human body is capable
to heal acute wounds within a few days. However, these well orchestrated phases
can be interrupted at any or multiple stages—causing a chronification of wounds.
In most cases an underlying disease such as diabetes or the metabolic syndrome
leading to such delays in wound healing—often accompanied by infections. Those
wounds display a decreased support of nutrition and oxygen—weakening the body s
defense and repair abilities. This chapter will highlight the effects of cold atmospheric
pressure plasmas (CAP) on the modulation cell activities and the support of wound
healing. The complex mixture of reactive species, electric fields in combination with
mild heat and various kinds of radiation—ranging from UV, over visible to near
infrared light interacts with micro-organisms and human cells. CAP displays anti-
microbial efficacy, support cell proliferation and migration by modulation cellular
redox balance. And finally, clinical trials could show that CAP leads to an increased
micro-circulation and therefore an elevated tissue oxygenation.

5.1 Background/Introduction

The development of life on our planet was influenced by many factors—one of
which is oxygen. During the first billions of years, only single-celled life existed in
the primordial oceans—and all developments initially took place under anaerobic
conditions ... the exclusion of oxygen. Due to the facts, that the first cyanobacteria
began to photosynthesize, oxygen was released for the first time. However, even this
oxygen did not reach the earth’s atmosphere, but first oxidized everything that was
freely available in the water. This is how most of today’s iron ore deposits were
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formed—by freely available iron being oxidized to rust by the oxygen generated by
cyanobacteria and deposited on the sea floor.

Only after this and similar oxidation processes had saturated over millions of
years, the concentration of free oxygen did increase, first in the ocean and later in
the Earth’s atmosphere. This laid the foundation of life as we know it today, but
initially also led to one of the greatest mass extinctions in the history of the Earth
[1]. The background is that free oxygen—and the reactive oxygen species (ROS)
derived from it—are highly reactive, and oxidize everything ... including organic
matter. Therefore, life had to adapt to the new conditions, and some organisms also
managed this step. Numerous adaptations enabled a manageable number of single-
celled organisms to come to terms with the highly reactive oxygen. They developed
defence mechanisms to capture the oxygen—or the oxygen radicals, to make them
harmless, or to repair the damage caused. The advantage of breathing air—containing
free oxygen—Iled to development of multi-cellular organisms enabled to consume
organic materials, which are metabolised by applying oxidative processes. In turn,
they had to build up mechanisms to control/convert and repair the damages caused
by oxygen and its reactive species.

In this context, aerobic cellular respiration also developed, and with it life as
we know it today, which incorporates oxygen as an energy-rich compound into the
processes of life. Thus, oxygen not only plays an essential role in the mitochondria in
the cellular respiration of all eukaryotic organisms, these organisms also developed
strategies to use oxygen as a weapon[2]. Besides this, ROS play a central in many
physiological processes, orchestrating several signalling pathways and even influence
tissue regeneration. However, the major function of reactive species in the human
body this so-called oxidative or respiratory burst. The respiratory burst of phagocytes
is required for the optimal killing of a wide variety of bacteria and fungi. The burst of
0, consumption is utilized by an NADPH-oxidase to generate highly-reactive oxygen
species (ROS) starting with one and two electron reductions to generate superoxide
anion (Oz_ ) and finally hydrogen peroxide (H,O,), respectively [3].

5.2 Wound Healing

5.2.1 Acute Wounds

Physiological wound healing is divided into four phases: hemostasis, inflammatory
reaction, proliferation and remodelling phase—whose transitions are fluid [4]. In
the first hours after wound formation, hemostasis begins, with constriction of blood
vessels, platelet aggregation and finally thrombus formation. So the initial wound
will be sealed to ensure that no further microorganisms might intrude the body.
In the subsequent inflammatory phase the immune systems becomes activated and
especially leukocytes such as monocytes, neutrophil granulocytes and lymphocytes
infiltrate the wound. Usually this phase lasts between a few hours up to two or three
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days. Asaresult, the wound has been cleared of the microorganisms and inflammation
processes are turned down.

After the infection is deminished, the proliferation phase follows. Usually this
phase lasts days to weeks, characterized by the re-epithelialization processes. This
involves keratinocytes and fibroblasts, which are predominantly responsible for
fibronectin, keratin, and collagen synthesis to ensure production of extracellular
matrix (ECM) as well matrix contraction—necessary for correct wound closure.
The proliferation phase also includes the beginning of angiogenesis: the formation
of new blood vessels. However, the major part is the formation of granulation tissue
in order to reduce the wound size and finally to close the wound. The proliferation
phase transitions seamlessly into the remodelling phase, where vascularization of
blood vessels and collagen formation is completed and reduction of scarring occurs.

5.2.2 Chronic Wounds

Alterations in any of these above mentioned phases can promote chronic wound
development and may impede wound healing [5]. The pathological wound healing
for example of the diabetic foot has to be distinguished from the physiological one.
The dysfunction of the granulocytes is of central importance, but also fibroblasts
are impaired in their function. The cause of this is often a disease-related shortage
of tissue oxygenation and a reduction of nutrients. This is often accompanied by
a permanent colonisation with microorganisms—causing a chronic infection. As
a consequence, there is a reduced level of growth factors, e.g. Platelet-Derived
Growth-Factor (PDGF), an increased level of proteases, especially an increased
protein expression of matrix-metallo proteases (MMPs) [6]. The elevated level of
proteases prevents coordinated wound healing by constantly degrading extracellular
matrix, wound healing-promoting growth factors, and their receptors, and thereby
preventing cell migration processes of fibroblasts and keratinocytes. As a result,
subsequent re-epithelialization processes are prevented and immune cell persistence
is increased.

However, physiological wound healing and a rapidly subsiding inflammatory
response require a balanced concentration of growth factors and cytokines, as well as
of proteases and extracellular matrix turnover, which interact with each other during
the complex repair mechanisms (Fig. 5.1).

A major difference of wound healing in healthy individuals, in addition to the
altered expression pattern of various endogenous factors, is the prolonged inflam-
matory phase in chronic wounds. Especially in diabetic foot, endotoxins released by
pathogenic agents prolong inflammatory responses and worsen wound healing. In
those wounds, the neutrophil count is upregulated, which maintains inflammation
via the secretion of growth factors, such as TNF-alpha and interleukins—such as
IL-6, and causes an insufficient supply of oxygen (ischemia and hypoxia).

Therefore, the development of innovative therapy options which significantly
contribute to the healing of chronic wounds, by reducing microbial load, improving
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tissue regeneration by enhanced cell proliferation and cell migration would be of
tremendous importance.

5.3 Cold Atmospheric Pressure Plasma and Chronic
Infected Wounds

In the recent years, a new field of research has been established: plasma medicine.
Plasma medicine is an innovative research field combining plasma physics, life
science, and clinical medicine. The main aspect in plasma medicine is the biolog-
ical and clinical application of cold atmospheric pressure plasma (CAP). Applying
energy to molecular or noble gases—can generate partially ionized gases that modu-
late biological response mediated by reactive oxygen and nitrogen species (ROS and
RNS) in combination with electric fields and mild UV radiation [7]. Thereby these
partially ionized gas plasmas contribute to wound healing by modulating several
processes: reduction of microbial load, modulation of cell proliferation and cell
migration and improving tissue oxygenation. In Europe, several plasma sources are
already certified as class 2A medical devices. Based on their ability to generate cold
atmospheric plasmas, which in turn are capable to inactivate microorganisms but
also to stimulate tissue regeneration, current medical applications are focused on the
treatment of wounds and skin diseases [7].

5.3.1 Anti-Microbial Effects

During the early years of plasma medicine the focus was led on the anti-microbial
efficacy of CAP—which could be demonstrated for several plasma sources. Espe-
cially with focus on novel concepts to limit the spread of multidrug-resistant bacteria
(MDR) the application of CAP was investigated intensively.

Usually, for each plasma source the appropriate treatment conditions have to
be evaluated. Typically the distance and treatment time are crucial for a proper
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1 min 3 min 5 min

Fig. 5.2 Treatment time dependent increase of inhibition zones of Staphylococcus aureus seeded on
agar plates and treated with argon plasma by kINPenMed ® for 1, 2, 3, 4 and 5 min per square
centimetre

reduction of microorganisms. Most of the known plasma sources are capable to
reduce bacteria within a few minutes or even seconds. A well established method to
visualize the anti-microbial effects is to seed a distinct amount of microorganisms on
an agar plate/perform the plasma treatment/incubate over-night and finally observe
the inhibition zone—the area free of microorganisms (Fig. 5.2).

Daeschlein et al. evaluated the ability of CAP to eliminate MDR- compared to non-
MDR-pathogens in chronic wounds. They could proof that a single CAP treatment
reduced MDR in all wounds. In 14 treatments (63.6%) and for 16 pathogens (66.7%),
a 100% reduction of the bacterial load was observed. For 11 of 17 (64.7%) MDR-
pathogens a complete eradication was achieved [8].

However, there seems to be a discrepancy between the reduction rate of micro-
organisms cultured and plasma treated on agar plates and micro-organisms treated on
real wounds. While 5-6 log reduction (five to six orders of magnitude) are commonly
found for plasma treated micro-organisms on agar plates—the same plasma sources
used for wound treatment typically show reduction rates of one or two orders of
magnitude (1-2 log reduction). This is mainly due to the fact, that on agar plates or
generally in cell culture optimized conditions provide a better micro-environment
compared to the situation found in real wounds. The wound fluid contains a huge
amount of partially unknown proteins, buffering substances and contamination—
ranging from bacteria and fungi to dead cells and debris of all kinds. This complex
mixture of organic molecules will interact with plasma components and there-
fore diminish the effects on the micro-organisms themselves—finally leading to
a smaller reduction rate (Fig. 5.3).

Besides the fact that reduction of bacterial load in patients wounds displays lower
efficacy compared to clean room cultured organisms on agar plate—plasma treat-
ment of wounds is most effective when combined with proper debridement. For
well-orchestrated wound care, each wound needs to be assessed by a professional
nurse or physician—including management of any complications and comorbidities.
Therefore, plasma is a very helpful supporting technology and has the enormous
potential to optimize a professional cleaning of wounds regarding the reduction of
bacterial loads of chronic infected wounds.

However, this issue is of even greater importance, when patients are released from
clinics and transferred to home care. In this case, a similar standard of wound care
has to be ensured for a return to clinic for an ambulant plasma treatment. Figure 5.4
depicts the bacterial load of “patient 37” over several weeks of plasma treatment—
with first nine treatments when “patient 37" was hospitalized followed by wound care
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before CAP

after CAP

Fig. 5.3 Plasma treatment of a diabetic foot ulcer applying argon plasma of the KINPen Med ® for
30 s per square centimetre. a Over-night culture of micro-organisms b of a sample taken from the
wound before (top picture) and after (bottom picture) argon plasma treatment

at home performed by day care and a accompanied ambulant plasma treatment at the
clinic for several weeks. A less professional wound management led to an increase
of bacterial load reaching levels higher that before the initial plasma treatment. Each
follow-up plasma treatment in ambulant clinic procedure was able to reduce the
bacterial load, but efforts were disrupted by bacterial re-growth in between the weekly
plasma treatments.

Patient 37: Colony forming units over time
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Fig. 5.4 Up and down of bacterial load (colony forming units) of “patient 37”—starting with
stationary plasma treatments until treatment number nine—at the day of release from stationary
wound care to day care. The following records of wound colonisation were dependent on the
professionalism of wound care and the additional effects of cold plasma to diminish micro-organisms
in wounds
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In summary, plasma treatment is able to reduce bacterial load in chronic infected
wounds—but success strongly depends on proper debridement and a state-of-the-art
wound care management. There are differences between findings in the laboratory,
with microorganisms cultured and treated under optimal conditions—and the real
world treatment on the patient side. The ability of cold plasma to reduce bacterial load
is affected by many factors—such as dead cells, components of extracellular matrix,
body fluids (blood/lymph) containing large amounts of organic molecules, which
scavenge reactive species generated in cold plasma. Therefore, cleaning wounds,
removing necrotic tissue and visible bacterial films strongly supports an additive
cold plasma treatment—and finally ensures a successful wound healing. The major
advantage—from a antiseptic point of view—is the ability of CAP to kill antibiotic
resistant bacteria in a same manner as non-resistant strains. So far, no report of any
plasma-resistance has been reported.

5.3.2 Cold Plasma in Cell Culture

Besides its antimicrobial effects, CAP also modulates cell activities in dermis and
epidermis. However, before starting applications on human beings, cell culture exper-
iments have been performed in order to identify the mode of action. Applying CAP
in a similar procedure compared to the tests for its capabilities on microorganisms,
the focus now is on its stimulating effects. In most experiments keratinocytes and
fibroblasts—in rare cases also immune cells are the focus of investigations. In first
sight cell viability/cytotoxicity tests have been performed in order to find optimal
treatment times and conditions for each plasma source. Usually a few seconds up to
one or two minutes per square centimetre of CAP treatment are sufficient to modulate
cellular activities. One major player identified is the NRF-2/Keap-1 system—which
are sensors for oxidative stress in cells. Several authors showed that expression
and cellular translocation of NRF-2 from cytosolic fraction into the nucleus could
be detected after CAP treatment. Schmidt et al. could show that the cellular redox
homeostasis was maintained and cells were defended from damage by a strong modu-
lation of the nuclear E2-related factor (NRF-2) pathway [9]. As a transcription factor,
NRF-2 binds to antioxidant response elements (AREs) in the nucleus leading to tran-
scription of ARE genes [10]. In general, cells can overcome chronic oxidative stress
by enhancing activities of anti-oxidant enzymes, thereby protecting cells from DNA
damage [11]. While NRF-2/Keap-1 act as intra-cellular sensors for oxidative stress
in order to prevent damage and to start repair mechanisms, when ROS and RNS
are applied at higher concentrations—a short term treatment with cold plasma is
capable to induce another transcription factor system: YAP/TAZ. This transcription
factor is associated with the HIPPO pathway, known to activate genes for regenera-
tion and proliferation [12, 13]. Shome et al. already demonstrated successfully that
also short term plasma treatment of fibroblasts and keratinocytes led to an activation
and translocation of YAP to the nucleus—leading to gene activation [14] (Fig. 5.5).
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Fig. 5.5 Yap is translocated to nucleus of fibroblasts upon scratch wound and CAP treatment—
indicated by green fluorescence in left figure (a) and in magnification in middle part (b). For
comparison the DAPI counterstaining in the right figure (c) depicting nuclear staining in both cases

CAP treatment resulted in an upregulation of the HIPPO transcription factor YAP
in both keratinocytes and fibroblasts. Downstream effectors of the HIPPO signalling
pathway (CTGF and Cyr61) were upregulated mainly in fibroblast fraction. In addi-
tion, the administration of antioxidants such as N-acetyl-cysteine could inhibit CAP-
mediated wound healing and abrogate the gene expression of the HIPPO downstream
effectors. Furthermore, Shome et al. could also prove a paracrine signalling between
fibroblasts and keratinocytes when co-cultured and plasma treated under this condi-
tion. In this case, a CAP treatment led to an activation of dermal fibroblasts—resulting
in secretion of Cyr61 and CTGF—which in turn led to the paracrine stimulation of
co-cultured keratinocytes (Fig. 5.6).

In addition, they could show that keratinocytes revealed an elevated cell migra-
tion when incubated with CAP-treated fibroblast-conditioned media compared to an
incubation with untreated cell culture media—leading to a significantly improved
cell migration of keratinocytes [14]. Taken these facts together, they could show an
improved keratinocyte wound healing in co-culture—with CAP treated fibroblasts
as central players. This also proves that experimental set-ups should be carefully
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Fig. 5.6 Paracrine activation of keratinocytes by CAP modulated fibroblasts. Adapted from Shome
etal. [14]. Oxidative Medicine and Cellular Longevity Plasma stimulated fibroblasts secret cytokines
and growth factors, leading to increased keratinocyte migration and proliferation
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planned and in best case should mimic real wound conditions. Co-cultured fibrob-
lasts and keratinocytes were capable to tolerate a CAP treatment much better than
the mono-cultured cells at same density. Cell communication after plasma treatment
is more complex in co-cultured cells and therefore reflects real skin situation more
close than mono-culture cell experiments.

5.4 Animal Studies Applying Cold Plasma

Another aspect in the CAP mediated effects on wound healing is reflected by animal
experiments—mostly in mice. There are several groups showing an improved healing
of acute wounds. In early studies Schmidt et al. examined the cold plasma’s efficacy
on dermal regeneration in a murine model of dermal full-thickness ear wound [15].
Within a period of two weeks, female mice received daily plasma treatment. Their
results showed a significantly accelerated wound re-epithelialization at days 3-9
in comparison with untreated controls. But also cell communication, cell migra-
tion and cell attachment is influenced by cold plasma treatment. By combining
in vitro analyses in primary dermal fibroblasts isolated from murine skin with in vivo
studies in another murine wound model Schmidt et al. could demonstrate that plasma
treatment changed phosphorylation of signalling molecules such as focal adhesion
kinase and paxillin alpha in adhesion-associated complexes [16]. The same group
also investigated the integrity of healthy skin of plasma treated mice by analysing
tissue oxygenation, perfusion, hemoglobin, and water index by applying hyperspec-
tral imaging. In this study Schmidt et al. could show a plasma based modification
of the junctional network in skin, which promoted tissue oxygenation, and restricted
penetration, implicating that plasma may provide a novel and sensitive tool of skin
barrier regulation [17]. Furthermore, animal experiments also showed a direct acti-
vation of immune cells as another important fact in plasma mediated wound healing.
Kupke et al. could prove a CAP-related induction of neutrophils in wound tissue
from mice by investigating the functionality of human polymorphonuclear cells
(PMN)/granulocytes through either a plasma-treated solution (PTS) or the direct
CAP treatment [18]. They stated that the modification of PMN immunoreactivity by
direct plasma treatment might be a main supporting mechanism for CAP-induced
improvement in wound healing.

Besides the confirmation that CAP treatment led to significant improvements
in wound healing—several studies also investigated the safety issues in long-term
animal studies [19, 20]. Schmidt et al. studied in an one year follow-up risk assess-
ment in SKH-1 mice the possible side effects of a CAP treatment applying an argon
jetplasma. They applied quantitative PCR, to investigate expression levels of several
cytokines and tumour markers in liver, lung, and skin. In addition, also histolog-
ical and immune-histochemical analysis failed to detect abnormal morphological
changes and the presence of tumour markers. Also magnetic resonance imaging and
positron emission tomography confirmed the absence of neoplastic lesions in these
mice [20]. Evert et al. investigated in their study the long-term risk assessment of
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CAP treatment in the oral cavity. Histological analysis of 406 animals revealed that
repeated CAP exposure did not foster non-invasive lesions or squamous cell carci-
noma. In conclusion Evert et al. stated that a repeated CAP exposure of murine oral
mucosa was well tolerated, and carcinogenic effects did not occur, motivating CAP
applications in patients for dental and implant treatments in the future [19].

Similar results from cell culture experiments of various groups working with
different plasma sources could confirm that none of the CE-certified plasma sources
showed any mutagenic potential [20-23]. In summary, all certified plasma sources are
safe in medical application, if the devices are handled according the manufactures
advices. In the recent years, there are first efforts for a standardisation of plasma
sources—with a German pre-standard DIN Spec91315. A first application of the
DIN Spec91315 is published by Mann et al. and provides a basic approach how to
test plasma sources for safety and efficacy [24]. Ongoing efforts recently started to
transform this German pre-standard into a DIN norm, and parallel on an international
mutual project the preparation of an IEC standard started in 2021.

Further information on safety aspects and standardisation can be found in chapter
nine.

5.5 Clinical Application of Cold Plasma for Wound Healing

Based on very promising results from cell culture and microbiology first case reports
were started in early 2012. Metelmann et al. investigated in a case report including five
individuals with identical settings how a argon plasma can stimulate the healing of
skin lesions of CO; laser and observed the recovery of these artificial acute wounds
[25]. Those 20 laser lesions have been treated with argon plasma for 10, 30 s or
three-times for 10 s, and compared to untreated control laser lesions. While in first
approach, the scar formation was observed for 10 days, in a second follow-up study
further evaluations of those lesions were evaluated after six and 12 months. As
a result, Metelmann et al. stated, that plasma treatment shows superior aesthetics
during scar formation. No precancerous skin features occurred up to 12 months [26].

Stratmann et al. started a clinical trial in order to determine whether the application
of CAP accelerates wound healing in diabetic foot ulcers compared with standard
care therapy [27]. This prospective, randomized, placebo-controlled, patient-blinded
clinical trial was conducted at two clinics—and was the first study which could prove
a positive influence of CAP on wound size reduction. Therefore, standard care treat-
ment with eight applications of either CAP generated from argon gas of an atmo-
spheric pressure plasma jet was compared to eight applications of placebo treatment
in a patient-blinded manner. CAP therapy yielded a significant increase in wound
healing, both in total mean (SD) area reduction and mean (SD) time to relevant
wound area reduction [27]. Moreover, cutaneous blood flow and oxygen saturation
can be improved in human skin—due to a clinical application of cold plasma [28]. As
stated by Kisch et al., these effects are mostly explained by reactive oxygen species
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RGB image chronic wound NIR index before plasma NIR index directly after plasma NIR index 10 minutes after plasma

Fig. 5.7 Hyperspectral imaging of a plasma treated chronic wound a RGB coloured image—and
b false colours indicated an increase in microcirculation indicated by shift to orange and red colour
after plasma ¢ which stayed elevated several minutes after CAP d

(ROS), but electric fields, currents and ultraviolet radiation may also have an impact
on cells in the treated area [28].

Applying hyperspectral imaging we also could show that a treatment with the
argon plasma jet improved tissue oxygenation and microcirculation in a chronic foot
ulcer. Analysing the NIR perfusion index we could show a significant increased
micro-circulation directly after plasma treatment (indicated by increase in orange
and red colour—which stayed elevated after the procedure (Fig. 5.7).

In another clinical trial applying the argon jet plasma jet, wound exudate was
investigated within a prospective, randomised, patient-blinded clinical trial. Hiller
et al. recently published that those CAP-treated wounds showed increased levels of
tumour necrosis factor-alpha, interleukins l1alpha and 8. They also found an induction
of crucial growth factors, like FGF-2 and VEGF-A, and interleukins appears to be
an important component of CAP-mediated promotion of granulation, vascularisation
and reepithelialisation in the diabetic foot [29].

Taken exudate samples on a regular base allows a permanent control of wound
progression. Besides the detection of inflammation markers such as cytokines, the
analysis of matrix-metallo-proteinases (MMP) could be an hallmark for an evaluation
of the stimulation by cold plasma. We could show, that CAP treatment led to a
significant reduction of MMP-2, MMP-8 and MMP-9 levels over a duration of a
10 week plasma treatment (Fig. 5.8).

In summary, several case reports and clinical trails proved the positive effects of
cold plasmas generated by different devises. Besides its antimicrobial efficacy cold
plasma significantly induced wound healing—especially in diabetic patients often
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Fig. 5.8 Results from wound exudate analysis—CAP treatment reduces expression of matrix-
metallo proteinases
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suffering from chronic wounds for years. There is a clear tendency that CAP treat-
ment is mediating growth factor induction and modulation of matrix-composition—
resulting in a faster wound closure. A further surplus is the plasma modulation of
tissue oxygenation and elevated levels of micro-circulation leading to an improved
support with nutrients and oxygen. These data are in concurrence with results
previously described in several in vitro and rodent experiments.

In chapter eight more detailed information are summarized about clinic trails and
clinical applications.

5.6 Cellular Redox Balance Modulated by Cold Plasma

In order to heal, a wound is in need for energy—in form of nutrients (carbohydrates,
amino acids etc.) and oxygen for an active metabolism to finally close the wound
and regenerate the tissue. In chronic wounds, these processes are diminished—often
caused by diseases like the metabolic syndrome—with all its side effects. Often
reduced blood flow and dimished oxygenation are the reason for an insufficient
supply with nourishment and oxygen, which have to be restored in first place. A
lack of oxygen and nutrients not only hampers tissue regeneration, but also reduces
the ability of immune cells to defend invading microorganisms finally leading to
infected chronic wounds. Those missing natural ingredients—especially the reactive
species (ROS/RNS) formed during immune defences but also tissue regeneration can
be replaced by identical species generated in cold plasmas. Most reactive species
generated in plasma are also known in biology—functioning in redox signalling
and mammalian cells are equipped to interpret the plasma derived redox signal [30]
(Fig. 5.9).

The hypothesis that a single plasma component could be traced to a specific
cellular event or effect is somewhat difficult to disentangle in the case of cold plasma.
Due to the fact, that a complex cocktail of reactive species and various kinds of radi-
ation are formed during the plasma generation, and the fact that most of these species
are very short lived—a lot of intermediates formed in the gas phase never will reach
the cells or their liquid environment. To our knowledge, the long-lived redox-active
species in combination with energy from various electromagnetic radiations domi-
nate the biological effects, while moreover, plasma biological effects are significantly
modulated by plasma modifications of the liquid environment. Furthermore, there
is no such single receptor of plasma species inside (or outside) the cells—nothing
like a drug that binds to a single receptor. As mentioned above, ROS and RNS are
natural species employed in many cellular processes. There is a constant flux of
reactive species formed by diverse occasions—such as respiratory chain or immune
defence. Each cell type has—based on its function and metabolic state—its own
redox balance. This means all cells produce their own reactive species—(roughly
two percent of oxygen consumed for cellular respiration escape within mitochondria
during the processes of respiratory chain). Hence, the need for counter reactions or
repair mechanisms has to be active in all oxygen consuming cells in order to ensure a
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Fig. 5.9 The hub of plasma medicine. The addition of energy to gases leads to the formation of
(partially) ionized gases—cold plasma—which are used to modulate the redox balance of living
cells. Very short-lived radicals are formed in plasma—with half-lives ranging from nanoseconds to
microseconds. Long-lived redox-active species (with half-lives up to several seconds) dominate the
biological effects, while biological plasma effects are essentially modulated by plasma changes in
the liquid environment, followed by secondary reactions within cells. The overall chain reaction—
triggered by the plasma—can last for days and includes triggered effects such as cell proliferation
and migration. Over time, the availability and penetration depth of the reactive species also change.
The penetration depth of light—produced by the previously excited species—also depends on the
wavelength, while UV light is absorbed by the air and fluids above the treated tissue—and only
red and near IR light can penetrate multiple cell layers. Plasma reactions are very complex and
cover a wide range in time. There are energy transfers occurring in the very first nanoseconds,
triggering the generation of new reactive species. Some of them will react with an half-life of a
few ps and milliseconds—finally leading to more stable species such as hydrogen peroxide, which
is able to interact with living matter. The reaction triggered directly and indirectly at the cells are
causing the next stage of plasma mediated reactions, such as the activation of transcription factors.
Once transcription factors caused the activation of signalling cascades, and genes are transcribed,
cell proliferation and cell migration are triggered within a time frame of hours. Finally the plasma
directly and indirectly activates cellular activities which can last for up to a few days
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proper cell cycle. However, there is a limit on the amount of reactive species, which
can be handled by a single cell. For each cell type (based on metabolic state and
function) there is a certain threshold—the AOP anti-oxidative potential of a cell,
encircling all anti-oxidative possibilities and counter reactions (including repair).

For each oxidative influence (endogenous e.g. from respiratory chain/or exoge-
nous like UV radiation, oxidants) a cellular counter reaction is induced by effectors
such as NRF-2/TAZ—Ileading to a restoring of cellular redox balance. These modu-
lations can be triggered by cold plasma—as an exogenous influence of the cellular
redox balance like any other source from outside. Therefore, CAP can induce activa-
tion of the transcription factors NRF-2 and YAP and finally can lead to an activation
of tissue repair and regeneration too. Those processes (as a sum of internal and
external triggers) will lead to a cellular activation. By modulating the ROS/RNS
based processes of the cells tissue regeneration but also tissue inflammation can
be influenced by cold plasma. However, there is a certain limit for each cell type
or tissue—which is defined by the anti-oxidative potential of the cells. Once this
threshold is exceeded, the cellular redox balance is destroyed (Fig. 5.10d). This
imbalance will lead to an accumulation of redox active species and compounds,
which cannot be handled by the cellular anti-oxidants and repair mechanisms. A
chronic elevation of ROS will lead to an excess of pro-oxidative effects, and finally
will lead to an accumulation of cell damages, which in turn will start the cellular
apoptosis program—the programmed suicide.

Fig. 5.10 The cellular redox balance: Each cell type has its own redox balance of exogenous
and endogenous oxidative processes and its counter reactions of the cell. a Each increase on the
oxidative side, b will lead to a redox balance restoration by cellular counter reaction. ¢ This balance
and counter-balance effects will ensure cell survival, as long the anti-oxidative potential is not
exceeded. Once this threshold is exceeded, d cellular damage will occur—finally leading to the
programmed cell death apoptosis



5 Cold Plasma Based Wound Healing Application 107

Therefore, each plasma source needs to be evaluated in detail, before an applica-
tion on human beings is planned. Again, the German pre-standard DIN Spec 91,315
contains a selection of tests in physics, cell- and micro-biology in order to ensure a
safe and efficient plasma treatment with a clinical focus. (more details in Chap. 9 on
safety and standardisation.)

5.7 Summary

About two decades ago, new devices have been developed, capable to generate
partially ionised gases—so-called cold plasmas. These energy-rich mixtures of reac-
tive species (mainly ROS and RNS) in combination with mild heat and UV radiation
are tissue-tolerable. These well prepared cocktails display several properties for a
medical application with focus on wound healing: they show a high anti-microbial
efficacy—with the surplus that they are effective on anti-biotic resistant strains as they
are on normal skin microbes. Especially in chronic infected wounds with permanent
bacterial load in combination with co-existing fungi an advantage to most antiseptics.
However, besides anti-microbial effects, cold plasmas are capable to stimulate human
tissue, by modulation the cellular redox balance. This well orchestrated signalling
cascade of redox sensors (such as NRF-2/Keap-1) also other transcription factors
will be activated upon CAP treatment. For example, the YAP/TAZ system which
belongs to the HIPPO pathway is an important activator for tissue regeneration.
Following an activation via NRF-2 or YAP cells start to synthesize cytokines and
growth factors, enabling the plasma treated cells and surrounding tissues to elevate
proliferation and cell migration activities. Both, animal and human trials proved that
a third hallmark of cold plasma treatment is an increased tissue oxygenation and
micro-circulation. This further supports a proper wound healing due to an improved
support with nutrients and oxygen. All three facts: anti-microbial efficacy, modulation
of cellular redox balance and thereby stimulation of cell migration and proliferation
and third an elevated tissue oxygenation led to the superiority of cold plasma in
healing infected chronic wounds. This could be proven in several case studies and
clinical trials (Fig. 5.11).

CAP components are supporting cellular processes, which were reduced due to
underlying diseases and limited supply of energy. Generating ROS/RNS as physio-
logical components of immune defence and signalling cascades, plasma supports the
diminished activities of a weakened immune system or tissue regeneration. There
are hints that a plasma treatment of chronic wounds turns them back into acute
wounds—where normal wound healing can start on its own. However, this plasma
mediated support of wound healing can only be accomplished when a proper wound
management is performed, and all other side effects of the underlying disease are
corrected. Once the debridement is done, and blocked blood vessels are re-opened,
an additional plasma treatment of such chronic wounds will be a great support for
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5.11 Summary of the three hallmarks of cold plasma for wound healing: (1) anti-microbial

efficacy; (2) modulation of cellular redox balance with subsequent stimulation of cell growth and
migration and (3) increased tissue oxygenation and micro-circulation

most patients. Further studies and clinical trials will help to understand the under-
lying mechanisms in more detail, so that a more personalized CAP treatment will be
even more effective.
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Chapter 6 ®)
Agriculture and Food Processing e
Applications

Henrike Brust, Nicola Wannicke, and Gyungsoon Park

Abstract Non-thermal plasma produced at atmospheric or low pressure has the
potential to solve problems in modern agriculture and the food industry and may
specifically address challenges resulting from the current climate crisis and environ-
mental changes. In laboratory conditions, non-thermal plasma has shown promising
results in applications such as plant disease control, seed germination, plant growth,
food sanitation, and improvement of food quality and functionality. In partic-
ular, the improvement of plant vitality under stress conditions and storage time
suggests that plasma can play a pivotal role in sustainable agriculture and the food
industry. Advances in field- and industrial-scale applications are currently underway,
as reported by an increasing number of studies. In this chapter, we summarize
and discuss studies on the application of low-and atmospheric-pressure plasma to
agriculture and food production.

6.1 Background

The agriculture and food industries face many challenges, including some resulting
from climate change and environmental pollution. Climatic change has caused the
emergence of new diseases and changes in plant susceptibility to diseases [76].
Some estimate a 5-50% reduction in crop yield as a result of climatic change by
2100 [10]. Thus, climate change, sustainable agriculture, food preservation, and
improved storage of fresh produce have become important issues to be resolved.
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Conventional approaches to solve problems in agriculture and food processing are
mostly focused on the use of chemicals. However, chemical-based techniques have
frequently shown their limitations with respect to safety and emergence of resistance.
Alternative technologies may be needed to overcome these challenges.

Non-thermal plasma is a promising technology to solve problems in the agri-
culture and food industries. Although intensive studies of plasma application to
agriculture and foods started relatively later compared to medical applications, enor-
mous advances in knowledge and technical development have been made in the last
decade. Non-thermal plasma generated under atmospheric, low, or medium pressure
has been examined for its potential in food sanitation, food storage, plant disinfection,
and enhancement of seed germination and growth [12, 36, 106, 187, 278]. Although
most investigations have been performed under laboratory conditions, the application
of plasma at industrial and field scales is currently increasing. This chapter presents
a synthesis of studies performed on plasma applications in agriculture and food
production. We attempted to include as many studies as possible, and any omissions
were unintentional.

6.2 Application of Non-thermal Atmospheric Pressure
Plasma to Prevent Seed Borne Infections

6.2.1 General Treatment of Seeds

Seed is a basic and vital input for agricultural productivity considering that ninety
percent of food crops are grown from seed. To guarantee health and quality
(maximum germination above 80%) of seeds, they are generally subjected to pre-
harvest manipulation directed towards improving germination and to deliver protec-
tion against pathogens and related pests and diseases. Factors that can impair
seed quality are related to: biological factors (pathological, entomological, animal
grub); physiological factors (physiological disorders, nutritional imbalances, matu-
rity); environmental/cultural factors (e.g. climate, weather, soils, water relations,
light intensity); mechanical damage during processing; extraneous matter (growing
medium, vegetable matter, chemical residues); and genetic variation and aberrations
[148]. The chosen seed treatment should be functional across a wide variety of soil
types, cultural practices and environmental conditions. They aim at changing physical
form to facilitate sowing (pelleting), enhance germination by improving physiolog-
ical performance (priming) and extend longevity by removing pathogens. Commonly
applied modes of seed treatment can be categorized into: (1) mechanical methods
(scarification, separation from infectious agents), (2) physical methods (electron
beam treatment, hot water treatment: dry heat treatment: aerated heat treatment,
radiation treatment, microwave, ultrasound), (3) biological methods (treatment with
beneficial microorganisms including fungi and bacteria e.g. species of Trichoderma,
Pseudomonas, Bacillus, Rhizobia), and (4) chemical methods (organic or inorganic,
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metallic or non-metallic, insecticides, fungicides, bactericides using coating to form
pellets or entrustments). Methods can also be combined to ensure pathogen inactiva-
tion, next to addition of auxiliary materials like nutrients or other growth promoting
agents. In the past years, the application of chemical seed dressing has declined due
to suspected negative effects on diversity of organisms agricultural landscapes [102,
261]. Growing concerns has led to a banned of most insecticides in the European
Union, as well as chemical seed dressing using the agent Thiram (TMTD), widely
applied as a fungicide in rape and leguminous seed treatment to prevent soil-borne
infections [52].

Application of alternative non-chemical seed treatment methods are propagated,
like electron beam treatment or are under development like cold plasma applica-
tion in pre-harvest. Most non-chemical alternatives are not functional against soil
borne pathogens or insect or animal grub, because no long-lasting reservoir of
agents is formed. Commonly found soil borne pathogens, which often can also be
spread by invested seeds, include the fungal genus Fusarium, Pythium, Rhizoctonia,
Phytophthora, Verticillium, Rhizopus, Thielaviopsis, and Sclerotia [235]. In addition
to being soil borne, some pathogenic bacteria like Ralstonia solanacearum, Strepto-
myces scabies, Clavibacter michiganensis subsp. sepedonicum, Pectobacterium spp.,
Dickeya spp., and Agrobacterium tumefaciens are also transmitted through infected
planting materials such as tubers and cuttings. Some soil borne viruses, such as
Tomato mosaic virus (tomato), Tobacco ringspot virus (tobacco), and Indian peanut
clump virus can also be transmitted by nematode vectors or via infected seeds [235].

Nevertheless, the major strength of non-chemical methods lies in the prevention
of seed borne infection originating from surface, or near surface attached pathogens.
Currently, there are 213 annotated seeds borne pathogens according to the ISTA Pest
list [11], encompassing fungi, bacteria and viruses. Commercially relevant examples
are Fusarium causing a number of diseases in various plants (head blight in barley and
panama disease of banana), Tilletia causing common bunt, dwarf bunt and stinking
smut of cereals, Ustilago tritici causing common and loose smut in barley and rye,
Phoma causing stem rot in rapeseed, Typhula incarnata causing snow mold in rye,
and Pyrenophora graminea/Drechslera tritici-repentis, causing yellow leaf spot in
wheat and barley.

Apart from the localisation of the pathogen on or inside the seed, the complex
lifestyle with sexual and asexual cycles of especially fungi makes seed treatment more
complicated. Reproduction of fungi is primarily by means of spores which can be
produced sexually or asexually. The sexual reproduction cycle (teleomorphic phase)
of fungi forms different types of spores via meiosis such as oospores, zygospores,
ascospores and basidiospores. In the asexual cycle (anamorphic phase) oidia (formed
by fragmentation of hyphae into individual cells), conidia (borne on tips or sides of
specialized branches of hyphae) and sporangiospores (a nonmotile spore born in a
sporangim or case) are produced by mitosis [2]. The disease cycle of monocyclic
fungi usually starts with a primary infection, which involves colonization, growth,
and reproduction as well as overseasoning in the absence of the host. Polycyclic fungi
on the other hand, produce asexual spores (secondary inoculum) at each infection
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site that can cause new (secondary) infections to produce more asexual spores for
more infections.

In vegetables and herbs, bacterial and viral pathogens are of special concern.
Bacterial wilt in tomato caused by Clavibacter michiganensis, Xanthomonas causing
citrus canker, bacterial leaf spot in many plant species, black rot of crucifers and
bacterial blight of rice, Pseudomonas syringae causing wilt and spot diseases in many
vegetables and legumes are frequently reappearing. Viral pathogens in vegetables and
herbs encompass the mosaic virus (TMV, ToMV), Asparagus Virus (AV-2), tobacco
ringspot virus (TRSV) and pea early browning virus (PEBV): The efficiency of cold
plasma in reducing seed associated pathogens will be discussed in the following
Sects. 6.2.2, 6.2.3 and 6.2.4. Not considered in this chapter are losses in seed quality
and health caused by nematodes, insects, herbivory, nor post-harvest disease, which
will be handled in Sect. 6.4. Notably, almost every study on CAP inactivation of
pathogens is unique because they either use a specific plasma source, often build
in-house, with specific configurations (e.g., input power, working gas, treatment
time), they deal with treatment of different matrices (e.g., suspensions in water,
other solutions, seeds from different plant families) and different type of pathogens
(fungi of different life cycle stages, bacteria in sporulated or vegetative form, viruses)
are used. This diversity makes it difficult to compare results from different studies
directly and to define any universal inactivation parameters.

6.2.2 Effect of Cold Plasma Treatment on Fungi

Because of their relevance for losses in crop yield, fungal pathogens have been
subjected to a number of studies, 39 are listed in Table 6.1. Inactivation of is highly
dependent on the treatment properties, and the optimal parameters need to be chosen
on a case-by-case basis.

Studies, which can serve as a general proof of concept for inactivation of fungal
pathogens, are using spore suspensions as a test object. In these cases, the complex
matrix of seed surfaces including topography, texture and chemical composition are
absent. Moreover, information on the effect of the individual CAP treatment on seed
germination is lacking, which makes it difficult to transfer gained knowledge to actual
occurring crop diseases. However, 12 studies demonstrated efficient inactivation
of Alternaria, Ascochyta Aspergillus, Chaetomium, Cladosporium, Colletotrichum,
Fusarium (Gibberella Penicillium,), Phomopsis and Rhizoctonia. Reduction was in
the range 44% to complete inactivation [13, 127, 143, 146, 193, 232, 243, 250, 252,
254, 316, 320, 360]. A variety of plasma sources was used including DBD in three
cases, jets in two, corona, and arc discharge in three cases, microwave induced, and
radiofrequency CAP was applied in two cases each.

Several authors used artificial inoculated seeds to investigate the inactivation
efficiency of CAP. Important for pre-harvest application is an unimpaired seed
germination, making it necessary to at least monitor maximum germination for
the respective plasma treatment. Unfortunately, this was not always the case, but
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needs to be addressed in future studies. Fungal pathogens investigated belonged to
the genus Alternaria, Aspergillus, Cladosporium, Colletotrichum (syn. Glomerella),
Didymella (syn. Mycosphaerella), Kabatiella, Penicillium Rhizoctonia, Stemphilium,
Trichothecium. Studies with no simultaneous determination of seed published inac-
tivation of pathogens from 1 to 5 log units for Aspergillus [25, 56, 58], by ~3 log
units for Penicillium on barley seeds [189], areduction in Fusarium infected seeds by
20-80% [146], or a significant decreases in Cladosporium diseased plants [193]. No
decrease in seed germination was detected in four studies using artificial inoculated
pathogens and subsequent CAP treatment. Efficiency of inactivation was depended
upon the pathogen used with no effect for Fusarium inoculated on maize seeds [84],
0.5-3 log units for Penicillum and Aspergillus [301], 80% reduction of viable spores
of Fusarium on rice seeds [143], up to complete inactivation of Cladosporium on
cucumber seeds [325].

On the other hand, significant decrease in seed germination after CAP treatment
was reported by seven studies. Efficiency of CAP treatment again depended on the
pathogen used, along with plasma source and applied parameter including treatment
time. Effects ranged from no effect for Colletotrichum/Glomerella along with rather
small reduction in seed germination <10% [81]. A reduction by 3 to 4 log units
for Aspergillus, Alternaria and Fusarium on wheat seeds up to complete inactivation
using the same plasma source for Fusarium, Trichothecium and Aspergillus on maize
seeds which was accompanied by severe decrease in seed germination for longer
treatment times in both cases [379, 380]. A delay in seed germination >50% for
Chinese cabbage accompanied by nearly complete inactivation of Rhizoctonia [241].
Seed germination of wheat and barley was decreased by ~54% for treatment times
>120 s, while at the same time DBD treatment led to a nearly complete reduction
of Fusarium [117]. Lentil seed germination decreased by 95% after treatment time
of 240 s with a coplanar DBD, at the same time reducing viability of Penicillium
and Aspergillus by 3 and 1.6 log units/g seeds, respectively [356]. Additionally,
a complete loss of pine seed germination for coplanar DBD treatment >60 s was
detected, while a complete inactivation of Fusarium was observed [307].

However, 18 studies dealt with natural fungal communities on seeds (often
accompanied by artificial inoculation with specific fungi), which includes also non-
pathogenic fungi. Two studies specifically focused on natural occurring pathogens
like Diaporthe/Phomopsis complex on seeds of soybean [264] and Fusarium sp.,
Stemphilium sp., Colletotrichum/Glomerella, Didymella pinode on seeds of narrow-
leaved lupine [81]. Pérez Piz4 and colleges [264] published reduction in Diaporthe/
Phomopsis infected soybean seeds from 15% to minimum of 4% after DBD treatment
with no decrease in seed germination. Moreover, Filatova and colleges [81] reported
the efficacy of at 15 min treatment of lupine seeds using a radiofrequency (RF)
capacitively coupled discharge with maximal reduction of 16% for Fusarium, 14%
for Didymella, 10% for Stemphilium and no reduction of Colletotrichum/Glomerella.
Atthe same time, CAP treatment did not decrease field emergence at 15 min treatment
time, while 20 min treatment resulted in a decrease by ~7%. Four publications dealing
with natural fungal communities present a detailed identification applying selective
plating and visual determination methods or next generation sequencing. The first one
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by Filatova and colleges [82] identified fungi on lupine and pea seeds using morpho-
logical and cultural characteristics. Fungi on lupine consisted mainly of Fusarium
and Alternaria, while on seeds of field pea Fusarium, Alternaria and Stemphilium
were identified, using cultring techniques, which are selective and don’t include
the whole community. Moreover, inactivation using 10 min treatment of a radiofre-
quency capacitively coupled discharge displayed a maximum reduction of 4%, 24%
and 3% for Fusarium, Alternaria and Stemphylium on pea seeds respectively. On
lupine seeds, maximum reduction occurred at 15 min treatment time resulting in
~9% and 1% for Fusarium and Alternaria respectively. Seed germination in the
laboratory resulted in no decrease until 15 min CAP treatment for field pea and a
decrease by 1% at 15 min for lupine seeds. The second study using selective plating
identified mainly Aspergillus and Penicillium on seeds of common bean [286]. Treat-
ment applying DBD for 10-30 min revealed complete inactivation of both genera
detected. However, seed germination presented as visual radicle formation resulted in
acomplete loss of radical formation at 20 and 30 min CAP treatment and in an inferior
radicle development at 10 min treatment time. Two further studies implemented next
generation sequencing to disentangle the fugal community. Lee and colleges [174]
focused on ginseng seeds, detecting the following genus Coniochaeta, Pyrenochaeta,
Humicola, Clonostachys, Fusarium, Mortierella. Treatment using DBD for 10 min
three days in a row showed no reduction in Humicola and Clonostachys, a reduction
below 20% in Fusarium and Mortierella and a reduction by >80% in Coniochaeta
and Pyrenochaeta in an Argon/oxygen mixture. Additionally, no decrease in seed
germination was observed. Likewise, next generation sequencing, as well as plating
and visual identification were applied by Mravlje et al. [229] on the fungal commu-
nity of buckwheat seeds. Alternaria, Didymella (Phoma), Epiccocum, Rhodotorula
and Hannaella were identified. A radiofrequency plasma system operated at low
pressure of 1 Pa was implemented and treatment times were in the range of seconds.
After 120 s treatment, filamentous fungi of the genus Alternaria predominated, while
other genus was detected in lower quantities. Alongside, seed germination decreased
by ~10% from 15 to 45 s and by 50% at treatment times >45 s. No in-depth iden-
tification of the natural fungal load was presented in 12 other studies, displaying
inactivation efficacy on barley, broccoli, sweet basil, hazelnut, maize, pea, rapseed,
rice, soybean, wheat as a bulk parameter. Inactivation was in the range of 10% to 3
log units (99,99%) inactivation [7, 37, 58, 145, 150, 151, 157, 161, 189, 271, 379,
380]. Differences in the susceptibility of fungi to CAP compared to bacteria were
previously reported with fungi being more resistant to CAP exposure [174, 189, 270,
380]. Nevertheless, the proposed mechanism of inactivation of filamentous fungi by
CAP likely resemble the ones described in bacteria (see Sect. 6.2.3).

The plasma-treated fungal spores often show severe morphological degeneration
including damage of cell envelope structures [252] also related to lipoperoxidation
of cell macromolecules [316] and seem to undergo necrotic death [250]. Panngom
and colleges [250] argued that elevated levels of peroxynitrite and nitrite originating
from the CAP treatment of the saline solution might have been responsible for the
observed fungal spore death. Furthermore, when direct CAP treatment is applied
inactivation can occur via different other mechanisms e.g. DNA fragmentation or



126 H. Brust et al.

destruction by UV irradiation, erosion through intrinsic photodesorption or erosion
through etching to form volatile compounds as a result of slow combustion using
oxygen atoms or radicals emanating from the plasma (reviewed by [165, 217, 218,
228]). As noted before, CAP produces different reactive species (RONS, e.g. atomic
oxygen (O), metastable oxygen (OZ), superoxide (~O; ), ozone (O3), hydroxyl radical
(-OH), hydrogen peroxide (H,0,), nitride oxide (NO), and nitride dioxide (-NO,)),
which play a crucial role in the inactivation of any microbial target by oxidation of
cytoplasmic membrane, protein and DNA [229]. Most likely, O and -OH induces the
largest number of hydrogen abstraction reactions [55, 364], while the activity of HO,
and H, O, is lower, however, the number of main chain and branched chain fractures of
cell wall glucan structures appears to be bigger. Consequently, the destructive effect
of H,O and H, 0, is more efficient [55]. Fungi might exhibit possible protection from
CAP damage when carotene pigments are present protecting spores from oxidative
damage by plasma [232].

6.2.3 Effect of Plasma Treatment on Bacteria

Inactivation of bacterial pathogens, like fungal ones, is highly dependent on plasma
source, configuration, and the treatment properties. The majority of studies applied
DBDs for direct treatment or gliding arc for indirect treatment by producing plasma
treated water or gas (Table 6.2). There are several proof of concept studies using spore
suspension of phytopathogenic bacteria (e.g., Xanthomonas campestris, Erwinia
sp., Clavibacter michiganensis, Pectobacterium carotovorum) showing a successful
reduction in the number of viable bacteria from 1.5 log units to complete inactivation
in a time-dependent manner [223, 224, 227, 230, 344].

There is an almost equal part of studies dealing with pathogens artificially inoc-
ulated on seeds or growth solution and naturally load on seeds with the majority
applying DBD plasma sources or jets. Artificial inoculation of hydroponic growth
solution for tomato cultivation with the pathogenic bacteria Ralstonia solanacearum
and subsequent treatment of this solution using a gas-liquid phase discharge plasma
reactor displayed a reduction by 5 log units in the solution and a decrease in disease
severity of tomato seedlings by 80% after 10 days of growth [247]. Treating tomato
seeds with a capacitively coupled plasma (CCP) generated by a radiofrequency
discharge at 150 Paled to an increased resistance of the 30 days old plants to Ralstonia
solanacearum by 25% [140]. Treating seeds which were artificial inoculating with
either non-plant-pathogenic bacteria Bacillus atrophaeus and Escherichia coli as a
model or with actual pathogenic bacteria, e.g. Xanthomonas, Burkholderia plantarii
and Geobacillus stearothermophilus often resulted in an efficient reduction of viable
bacteria from 2.4 to 6 log units, but simultaneously reduced seed germination in
one case [189]. For two studied no information on seed germination after plasma
treatment was presented for the same study [42, 242]. Altogether, vegetative cells of
Bacillus atrophaeus and Escherichia coli seemed to be easier to inactivate than spores
of Bacillus atrophaeus [189]. Disease severity was monitored in one study using
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artificially inoculated Burkholderia plantarii on seeds of rice which were subjected
to atmospheric pressure plasma jet, subsequently [246]. Results indicated a reduc-
tion in disease severity of seedling blight by 40% along with no reduction in seed
germination.

Six studies presented information on the effect of CAP on natural bacterial load
on seeds, which of course also encompasses non-pathogenic bacteria. The natural
community was identified in two of the six studies [174, 270]. A very recent study by
Lee and colleges [174] applied next generation sequencing to elucidate the commu-
nity on seeds of ginseng identifying the genus Kocuria, Variovorax, Pseudomonas,
Duganella, Rahnella, Flavobacterium, Azospirillum and Chryseobacterium. CAP
treatment for thre times 10 min using a DBD releveled a reduction by less than
20% for Pseudomonas and Duganella, as well as a reduction by 30-65% for all
other, while a t the same time no negative effects on seed germination were detected.
Puligundla and colleges [270] actually focuses on post-harvest relevant bacteria and
therefore used general and selective growth media to quantify B. cereus, E. coli,
Salmonella spp. on rapeseed. For all detected microorganisms the reduction after
treatment with a corona discharge plasma jet for 3 min. was in the range of 1.2-2.2
log CFU/g. However, 3 min CAP treatment also provoked a decrease in seed germi-
nation by ~30%. The four remaining studies dealt with an unknown community of
natural bacterial load on seed surfaces of sweet basil, barley and wheat as well as
chickpea and maize showing inactivation by 1.2-3 log units, up to complete inacti-
vation [380] or a reduction by 30% in contaminated seeds [7, 189, 216]. In two of
the latter studies, seed germination was severely negatively affected with a decrease
by up to 60% [189, 216].

Altogether, seed decontamination/ inactivation often was accompanied by areduc-
tion in seed germination when applying identical CAP treatment times, impeding a
possible application of CAP in pre-harvest seed treatment. It has to kept in mind, that
plasma can induce a sub-lethal state of bacteria leaving them viable but noncultur-
able after CAP treatment (VBNC) state [367]. Further investigations on this effect
are needed. Previous studies investigating the effect of CAP treatment on bacteria
as well as fungi on seed surfaces demonstrated that bacteria especially in vegetative
state are more prone to CAP exposure compared to fungi[174, 189, 270, 380].

Some authors investigated and proposed inactivation mechanisms, which
resemble some of those found for fungal inactivation. Previous knowledge origi-
nating form plasma medicine and/or food science can be transferred regarding some
general patterns and concepts for inactivation. Different effects of CAP treatment
were observed for Gram-positive and Gram-negative bacteria [147, 167, 198] that
differ in cell envelope structures. Gram-negative bacteria, which possess a cell wall
composed of an outer membrane and thin peptidoglycan (murein), displayed substan-
tial damage to the membrane resulting in the cytoplasm leakage. Gram-positive
bacteria on the other hand, display cells with a thick cell wall and did not show
the significant morphological modifications and decontamination was most prob-
ably appeared here due to interactions of reactive compounds with the intracel-
lular components [147, 238]. Bacteria morphometry might also be responsible for
differences in inactivation patterns with more resistant spherical cells (cocci) than
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rod-shaped cells (bacilli) [167, 331]. As pointed out before, CAP produces many
reactive oxygen and nitrogen species (RONS), which can oxidize proteins, lipids,
and nucleic acids and lead to pathogen destruction [180]. Moreover, inactivation
mechanisms might include erosion the surface of microbial cells through etching
[218], oxidative damage of intracellular macromolecules, such as membrane lipids,
proteins, and DNA, and a reduction in intracellular pH from diffusion into the micro-
bial cells disrupting pH homeostasis [166]. Furthermore, sub-lethal damages can
induce viable but non-culturable (VBNC) states in fungi as well as bacteria which
is defined as an inactive form of life that is induced by stressful conditions [51] and
undergoes recovery under suitable conditions [277]. These state transitions have been
reported after CAP treatment [53, 72, 197, 298] and need to be taken into account in
future studies.

6.2.4 Effect of Plasma Treatment on Viruses

Plant virology is a very dynamic research area with new plant viruses being detected
more rapidly. Moreover, awareness of their pathological impact and severity of
economic loss caused by reduction in yield by up to 100% [222, 312] or quality
of crops has led to efforts for new detection as well as plant treatment methods.
Plant pathogenic viruses are mainly transmitted horizontally by biological vectors,
usually insects, but can also be transmitted via seeds, tubers, thizomes and bulbs
[294]. Increasing evidence suggest that transmission can also occur via contaminated
process water [205].

The majority of studies dealing with the effect of CAP on plant viruses applied
DBDs in various configurations, next to jets and torches for direct treatment and
indirect underwater treatment (Table 6.3) of viruses in suspension and inoculated
onto plant leaves. Only one study dealt with actual seeds, cucumber and pepper,
which were naturally infected with cucumber mosaic virus, zucchini yellow mosaic
virus and watermelon mosaic virus [325]. Stépanova and collegues used only one
treatment time per plant species (20 s for cucmber and 4 s for pepper) and detected
no decrease in viral load after treatment of seeds with a diffuse coplanar surface
barrier discharge plasma (DCSBD). Seed germination on the other hand, was not
decreased after plasma treatment. Milusheva and colleagues [212] investigated the
effect of a surface-wave-sustained argon plasma torch and an underwater diaphragm
discharge on plum tree microplants, which were naturally co-infected by M and
D strains of Plum pox virus (PPV). Microplant’s nodal segments or leaflets were
subjected directly to a CAP torch, as well as to electrical discharges in water media.
Treating nodal segments without leaves in gas medium using the torch tip tuned
out to be most effective with no detection of viable D strains of Plum pox virus
along with a decrease in symptomatic plants by 80%. Plant leaves inoculated with
specific viruses were the focus of two studies using Tulane virus for Romain lettuce
and tobacco mosaic virus for tobacco [104, 213]. Reduction of Tulane viral load by
1.3 £ 0.2 log PFU/g Romanian lettuce and no necrotic lesions cause by tobacco
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mosaic virus detectable in plant leaves after treatment. Filipi¢ and colleges [86]
investigated irrigation water inoculated with Potato virus Y wich was treated using a
single electrode cold atmospheric plasma jet. No infection was detected in the plant
infectivity assay using Nicotiana tabacum cv. ‘White Burley’ from 15 min treatment
time of suspension onwards.

Possible mechanisms for viral inactivation were presented in a study by Guo and
colleges [100], who did not investigate plant viruses but bacteriophages T4, ®174
and MS2, which can serve as a general proof of concept for inactivation. Bacte-
riophage suspension was treated with PTW produced by an air surface microdis-
charge, showing an inactivation below the detection limit after 120 s treatment.
Although not being pathogenic to plants, the proposed model of inactivation is likely
to be adaptable from bacteriophages. The proposed model of inactivation includes
plasma-generated reactive species, especially singlet oxygen, which efficiently inac-
tivated different kinds of bacteriophages in water, including double-stranded DNA,
single-stranded DNA, and RNA bacteriophages by damaging both nucleic acid and
proteins and leading to excessive aggregation of the bacteriophages. In addition,
knowledge can be transferred form studies dealing with other types of viruses, e.g.,
animal viruses. Work on Newcastle disease (ND), an infectious viral disease of avian
species, reported complete inactivation after PTW treatment resulting most likely
from singlet oxygen, which quickly reacts with cysteine, resulting in the formation
of cystine (R-cys-S-S-cys-R) with disulfides; thus creating products which lead to
aggregation of bacteriophages [362]. Furthermore, enzyme activity can be impaired
by hydroperoxides which is formed by the interaction of amino acids, including
tyrosine, tryptophan, and histidine, which selectively interact with singlet oxygen
[63].

Altogether, studies dealing with the efficiency of CAP to inactivate plant
pathogenic viruses on seeds and plants are scarce and efforts should be taken to
fill the gaps of knowledge. Unknown up to now is the effect of CAP itself on insects
as transmission vectors, which should be examined in the future. In addition, in
natural environments mixed-infections with two or more plant viruses are frequent,
with viruses being able to interact in multiple and intricate ways. These interactions
can be synergistic, antagonistic, or neutral and will likely have an impact on the
efficiency of CAP application for phytosanitary purposes.

6.3 Application of Non-thermal Atmospheric Pressure
Plasma to Seed Germination and Plant Growth

Major seed dressing methods are aiming to prevent pathogenic attack and outbreak
by using e.g. fungicides. Inoculation of seeds with fertilizers, chemical stimulants or
plant growth promoting bacteria (PGPB) support seed germination performance to
promote proper seedling establishment, further plant growth and stress resilience to
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finally secure or increase yield. Furthermore, different kinds of chemical and phys-
ical seed treatment methods have been studied aiming to stimulate and synchronize
germination of seed population and to prime plants against various stresses [9, 78,
251]. Numerous studies have shown that plasma as a physical treatment method can
improve seed germination performance and plant growth (Tables 6.4 and 6.5). Recent
studies investigated the potential of plasma to prime seeds against biotic and abiotic
stressors as well [14, 17, 80, 84, 99, 178, 219, 264].

Unlike in plasma medicine, there is a much greater variability of plasma sources
and a higher number of plant species to be treated. In contrast to human or animal
tissue surfaces, the surface of seeds consists of dead cellular material and water-
repellent polymer layers to protect the plant embryo from physical and chemical
influences [26]. Another difference is that, in contrast to animal organs, the entire
seed is treated, not single specific parts of it. In addition, seeds are not treated as a
single individual, but usually in a batch with a large number of seeds at the same
time. Therefore, there is a need to develop devices for treatments on a larger scale,
which will be necessary for future agricultural application. Thus, the requirements
for plasma source dimensions to treat plant seeds along with a greater flexibility
of plasma processes and operation conditions need to be addressed. Section 6.3
focuses on gaseous plasma treatment of seeds under atmospheric and low-pressure
conditions comprising the plasma effects on physicochemical alterations of the seed
and on germination and developmental processes.

A wide range of options exists to generate non-thermal plasma. This refers to
configuration of electrodes, applied pressure, feed gas composition and flow rates,
and electrical parameters (voltage, type of electrical current, frequency, power) used
to ignite plasma, as well as treatment times and the mode of treatment with respect
to direct or indirect plasma exposure of the plant target, as can be seen in Tables 6.4
and 6.5. In general, dielectric barrier discharges (DBD) in different configurations
such as surface DBD (planar DBD) or diffuse coaxial DBD (DCSBD), gliding arc
discharges, jets, corona discharges, microwave discharges as well as different kinds
of radio-frequency (RF) discharges exist and has been applied. For treatment of seeds
under atmospheric pressure, dielectric discharges using AC, DC or even RF were
most frequently studied so far (Table 6.4). Regarding low-pressure conditions, RF
plasmas were mostly investigated (Table 6.5).

Proper seed germination and seedling establishment on the field is the funda-
mental requirement for resilient plant growth, which ultimately determines the yield.
Here, plasma has relevance for potential future application in agriculture as many
studies have proven the beneficial effects of non-thermal plasma on seed germina-
tion performance. Important agricultural relevant plant species with different usages
ranging from food and feed production to pharmaceutical and plant-based industry
have been investigated so far (Tables 6.4 and 6.5). Wheat (e.g. [38, 99, 207]), maize
(e.g. [381]), rice (e.g. [150, 373]) and barley (e.g. [38, 267]) produce seed-like fruits
(botanical term “caryopsis”’; caryopses are propagation units and the term “seeds”
will be used within this chapter for simplification) containing a starchy endosperm
important for feed and food production. Legume seeds such as soybean (e.g. [175]),
pea (e.g. [151, 330]), chickpea (e.g. [216]), common and mung bean (e.g. [35, 281,



H. Brust et al.

(panunuoo)

[evel

aseaIour

0] PopuR) pue ANANOR TV 2[IYM ‘Spags Jo s1jouwrered
juounean ewsed parjdde [1e 1sowye 10j 1omof

Sem AR SUI[PIas UI JUAIUOD VA Pue A1Anoe qOS o
s1ojourered

juounean ewseld uodn jueoyruSis APualsIsuod

JOU 210M UIIYM PIAIISGO 29 PINOI JOUITIAW JUI[PIas
pue s1ojouwrered UONBUIULIIE PSS UO SPUAI) 9ANISO]
L1 S 0T AY +'€ YIM PAJeaI) Spads J0J PASeaIdap
Apueoyrugis pue 1,1 S O] 18 AY S6'S UM pajean) Spaas
10J PojeIa[adoe A[JuBoyIuSIS Sem spaas Jo AJ[Iqeouliod «
SOI 10} AXS6'S

Je ewsed yIIM pajean spaas 10j padunouoid d1our a1om
Jey) 90eJINS PSS JO UOISOID PI[EIAAI SISATeUE NHS

$ 0T Pue O LL ¢ 1D
AN S6'S
PUE ‘TG ‘ST ‘'€ $95eI0A UMD Te AFQ Teued

s9oN (‘Juung) vimorund
S1Ydp1304pUYy eINDIIYO UIT JBIJBYIULIY :A[IWE]

[szel

1oddad 10J s Z]< S 18 pUB I9qQUININD 10§ S Op—(0

Jo s1,1, e soroads juerd y1oq J0J paseaIour sem sown
UONBAIISQO 0M] Je palojiuow a5ejuadtod uoneuIuIdn o
skep 6
Jo 93e1038 pads 1aye (S ¢ :1oddad ‘s 71 :requnond) spass
pajean-ewse[d 10J 9[qeAIISqQO [[1S 219M UIIym sdnoid
Sururejuod uaSAXo ur ISEAIOUT SANR[AI B PI[LIAI SIX o

(s ¢ :10ddad ‘s 7] :1oquINoNd) ST, 193I0YS 10J
oSewrep eIMONIS JO AOUIPIAI OU pamoys saImoId NHS o

(1addad) s 1— ‘(Foqunond) s 06—07 :LL

¢—d M 00T :KNsuop Jomog

e 0

yead-01-yead AY 0T Pue ZHY ST WM DV 1 agSOd

TeA T wnnuup wnoisdv)

Joddad oeoorue|og :A[we

pue [ eurSoy Tea

] SHADS STUWNONY) JOQUININD JeAdLIIGINONY) ATrure,J

[09]

ANATIONPUOD [eILI9[0 UT ATUBYD ON »
sL1 ewsed [[e 10§ 90¢~ £q uonIqIquIt PAIEAS[H o
VOM PIseaIdnd( e«
LL ewseyd urw | I0J uoneuIuLIod
‘xew pue poads uoneunLIS paos paouByuy

unw Qf ‘¢ ‘1 iLL

[ERLLRS WA (9)

9H ‘DA

ZH 0T Pue AY 18 1€ 19 ewserd uoaup a4

ZUQIN-Z[NYDS (*]) PLID]02IIDI Snyiupq E]
equooeded oBAR[OIA :A[TWE]

FERIENETEN

$§)991J0 PIAIRSqO

s1ojowered ewse[q

saroads jue[q

136

spaos jueld uo ewseld ainssaxd ouoydsowe Jo s100g "9 IqEL



137

6 Agriculture and Food Processing Applications

(panunuoo)
U ¢ < SLL s
spaas pajean-ewse[d g N woiy surpaas yoeurds
PIO SYoam-G Ul Juajuod joudydAjod [e10) ur asearou] e
uw ¢ >
SLL U spaas pajean-vwse[d g 1re wolj sSuIpads
yoeurds plo syoam-g ur JuAuod [[Aydoro[yo pasearou]
Spaas pajeuIuLdg Aep
Quo ur pagueyoun sem YW aseue[n[nd Jo S[OAYT o
ewise[d TN yim pajean 9soy) uey) Yimoisd Surpads pue unu G ‘¢ ‘1 ‘6’0 :LL
uopneurudd 1oySy Apysys panqryxe ewseld qgq 1V o (U TG D "] PaovAd0 PLOVUIAS
[ocT] SQOBJINS PIIS JO UONBIA)[E OU PI[BIAAI SISA[RUE NHS o TN ‘Ire :DJZHY 77 PUe VW ] ‘AY 9 18 Qg OIIA yoruids aedoeyjueIRWY (A[TWER]
Spads pajean
s10ys (] 10§ 1dooxa spoas pajeuruiioS Aep | Ul pajeAdd
sem YN W oseue[n[nd pue sUOULIOY D) JO S[OAYT o
)moI3 JuIpads pue 9)el UoeUIULIdS
PI9s UO $199JJ9 9A1ESAU pey (s1oys O]) LL 1Suo] « $10US O S ‘T :LL
(s10ys G pue [) sjoys as[nd 110ys a3eI[0A Y31y IoYje ‘asind joys auo 1ad [ ¢*( :AS10u 231RYISIQ
paseaour sSuIpads Jo JyStom AIp pue UOIBUIULIAN) « Ie 0
S90BJINS PIos A2l 1 P2042]0 PIOVUIAS
[og1] Jo suonerdye [esrdojoydiow pareasal siskeue INHS « | L0 Pue AY 9 Je ewse[d pasind puodesoueu a3e3joA YSIH yoeurds seaoeyjueIRWY (A[TUIR]
sAep G 10}
yImoI3 1yIny SuLnp pasearour A[uedyIugis a1om jnq
‘YImols Jo skep £ 181y oY) Sunnp pagueyoun a1om Spaas
pajean-ewseld 1re/of pue CQ/AH Jo syiSud| Surpeag «
sormxIw seS yjoq Yim spass pajean-ewserd SGT ‘0l ‘S ‘T:LL
S ()] 10J UOTIRUTULIOY "XBW UI ISBAIOUI JUBOYIUTIS o M SP 1omod
(50T < L1) wre/oH 105 pue (s 0T > LL) =4 TOIL D BYSJOM 'AD
CQ/oH 10J paads uoneuruIag ul 9seaIdul JUBOYIUTIS i€ Jo oner 1re/H ‘CO/eH DA 1 vda> wnijpy
[op€] | ommonns ooeyIns ul SoSULYD OU PI[EIAAI SISA[euE NHS o A T pue Iy 1e 19l ewse[q UOIUO JBAJRI[[Y :A[IUIE]
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



(panunuoo)

H. Brust et al.

[oszl]

PpagueyouN 1M SINIAIOR

LVD pue (OS [1yM AIIANIE YO Pue XV Ul 95ea100p
JueoyIUSIS Pa)[nsal Jusunean ewse[d U G S[IYM ‘SPads
pajean-ewse[d uru ()] Jo SOABI[ FUI[PIDS UI PASLIIUT
Apueoyrusis o1om SANIANOE YO PUE XJV IVD ‘A0S
Spaas pajean-ewserd urw O]

JO S2ABI[ SuI[paas Ul paseardur A[Suomns sem JUAQUOd
VI 2[1yM Spaas pajean-euwseld uru ¢ 10 pasearour
A[padjIew sem S9ABI] SUI[PAIS U JUIUOD UI[OI] o

spaos pajearn-ewsed

urw ()] 10§ pasunouoid azow pue s1,], J10q I0J

PI10)OP Q1M SIABI] UI S[OAI] SO JOYSIY JUBOYIUTIS o
SJUAWA[A 9 pue &) ‘SN ‘Y ‘d ‘N JO s1uquod 19y31y pey
Spa9s pajean- ewseld urw ¢ wolj sSUIPIIs JO SIABIT
IMoIS SUI[Pads PeonpaI 0] PI[ LI, U ()] S[IYM SPIos
pajean-ewse[d urw ¢ I0J pasearour AUBIYIUTIS d1om
sSUIPaas PIo oM 1 JO s1ajewered (JUAUOD proujOILd
pue [[Aydo1o[yo) [eo1Wayo0Iq pue (AWNJOA pue

BAIR 1001 ‘SYIZUI[ 1001 PUE JOOYs ‘JyIrom AIp) sseworg
sLL ewseld yioq 10y 1oyS1y Apueoyrusis sem

wmn uoneuruLdg Jo £ Aep je oSejuadied uoneuIuLIdD
sLL ewserd yjoq 10J pajers[edoe ApueoyruSis sem N\
s11. ewseld yoq 10y ewsefd jo $109§J0

SurSewep pajeosal sodeLINs Pads Jo sisA[eue INHS

urur O pue ¢ \LL
U6 gD

1V DA

ZHM ST PUBAY O] Y ddd

T WU WnUInY)
urwnd seaderdy :Arwej

[8¢1]

joys | Aq pejyean-ewserd

Spa9s SupeuruIdg Ul Y 7 UM pajeAd]d Apuesyrusis

sem ([oA9] yduosuen aseue[niind pue A)j1anoe
onAJ0IpAY) SISA[OIPAY [oIB)S PUR [QAJ] QUOWLIOY VD)
paSueyoun sem spoas
parean-ewse[d sjoys 0] JO UONBUILLIAT J[IYM JUIUNLII)
ewseld sjoys ¢ pue | 10j 10yS1y Apueoyrusis sem
SPads pajeuruiIad skep-/ jo o3eiusored uoneuruLIan
120D Pa3s A1) JO UOIIEOYIPOT [EITIIAYD
ou pa[eaaal sasAreue Adoosonoads Y[ pue uewey
Palodjjeun SeM A\ S[IYM JUSUIEI)
ewse[d 10ys | 10)Je pasea1ddp A[Juedyrusis sem YOI

$104s 01 °6 ‘T *LL

asind joys auo 1od [ ¢*() :AS1ou0 a8reyosIq

e 0

\&!

10 pue AY 9 e ewse[d pasind puodssouru a3e3joA YSIH

1 D2oD42]0 D1VUIAS
yoeurds seooryjuLIRWY IR

FERIENETEN

$)991J0 PAAIASQO

s1ojowrered ewse[q

saroads jue[q

138

(ponunuod) 9 dlqey,



139

6 Agriculture and Food Processing Applications

(panunuod)
paa)eun a1om pajean-ewseld 1y jo
s3uIPads o[IyM ‘STuI[paas plo sAep ] Jo syISud[ 1001
PaseaIour ur pajnsal spads Jo jueunjearn ewserd CO/IY o
uoneuruiaf jo sAep / 10)e
PaAIdsqo AJuo a1om o3ejuadtad uoneurudd 10j sanfea ([eAIo)UI 4 {7 YA SQWN €) ur O] L
paseaIour spass pajean-ewseld Iy 10J o[Iym ‘Quwin LU R RE (3]
UOIEAIdSIdqO SABp-(] SuLmp spaas pajean-ewserd (9%02/%08) OV IV DA KNV Suasui8 xpuvg
[%L1] TO/1y 10§ POIeAR[d A[JUBOYIUSIS SEM UOTIRUIULION) o ZH 09 pue AY '8~ 1 g Jeueld Suosur3 padsIyop deadeIfeIy ATTUIe,]
armyxiw sed CO/TN Ay ur Aer
mop ¢Q Sursearoul yim QN JO 20UALINDO0 Jursearour urw O] pue g :LL
Q) 01 PAINGLNIE dIOM $199]J9 dANISOd PIAIISQO A, o M 00t :1omod
SLL [oq pue wods (00 <0
< AD-CQ e s1ojowered juounean ewsed 10J pasearour 10§ WIdS O0E ‘00T ‘001 ‘0S Wim TN 10§ U Q[ D
ApueoyruSis a1om SIUT[PILs Plo sYeam ¢ JO syISud| amyxrw CQ/IN D] ] WNAYDS WINIPUDLIOD)
[se1] | pue uoneuruad “xew ‘g Aep je oFejuadrod uoneuUIULID) o ZHO 67 18 yo10) euse[d 9ABMOIOIA JIopueliod deaoeldy :ATiure]
K[uo s3urpass
PIO SYO9M { UT POPIOIAT AIoM SPISs pajean-ewsed
TN s (8] woiy s3ur[pass Jo Juuod [oudydLjod
PAIBAJ[R J[IYM ‘YIMOIS JO SY2IM § 1038 umop paddoip
pue spaas pajean-ewseld TN s 09 woij SuIpaas
PIO SY9M T UI PAIRAJ[Q Sem Ju)u0d [oudydA[od e
QouedyudIs
INOYIIM INQ JOMO[ 2IOM SPIas pajean-ewseld 1y
S 081 pue ()9 Jo d3eIuad1ad UONRUIULIAF JO SIAN[BA UBIA «
SUOTIBIAQD
prepue)s y3ry £q padde[rono a1om spads payean-ewsed
IIe J0J UONBUIULIOZ PIIs UO SPUSL) 9ANISO] o
paSueyoun
sem s 8] e spaos pajean-ewseld jo uoneuruIg ([eAIOIUL 4 {7 YDIM OB SaWn-) S 081 ‘09 ‘0€ :LL
QIYM ‘s 09 > SII I8 ewse[d TN 10J PAAIISqO sem =St (TN $0°T “(I18) 26°0 ‘(YY) $6°0 :AS10Ug
Qoueurioyred uoneuruLIag uo $)09139 2AnIsod JueoyIusdIS o P B 9]
ewseld TN Jo [, SUISeaIdul y)im 99.JIns pass are ‘TN 1V D T WNAYDS WNIPUDLIOD)
[se1] ) JO UONBIAUATIP [BINJONNS PI[BIAI SISA[RUR NHS o AN 90~ Pue ZHY +'S[ 1 qdd OIA JIopueLod dedoeldy :ATTure]
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



H. Brust et al.

140

(panunuoo)

[06€]

Spaas
pajean-ewseld uru || 10J paseardop APueoyIusis a1om
s1ajowered sy A[IYM paseaIdul A[JuedyIuSis arom
Spa9as pajearn-ewsed urw £ WoIy 9Jer)sqns ur umoirs
syued pjo sAep (¢ jo 2oueurrojrad onoyjuksojoyd pue
(3uy 1001 YySrom Jea[ pue jueld) sio)owered sseworg
ySuop

Surpeas paonpar Apuedsyrusis pey speas payean-ewsed
urw |1 Jey) 3deoxa ‘paSueyd jou a1om STUIPAS

pIo Aep 6 Jo (3uo] pue JySrom) s1oowered sseworg
parodye

JOU SeM UONRUTULIOZ “XBU JNq SINAUD] UOTBUIULIDT

U0 $199JJ0 9ANLSAU Ul PA)NSAI SPIas pajean-ewserd
Ul [ pue / Jo 9Jensqns Ul UOTJRUIULIDN) o

SUOTIPUOD UOTJRUTULIOT

A10jRIOQR] JOPUN PIAIISQO 9q P[NOD (ANULIOJIUN ‘DU
uoneuIULIAS UBIPOW ‘UONBUIULIAS “Xew) s1gjowered
uoneuruLIdg uo $199132 2an1sod Juedoyrudis oN

Spaas pajean-ewsed urw || ur pasearodp

Apueoyrusis a1om /YO pue ¢y0 sa1oads urfjo1aqqid
Q[IYM SPads pajean-ewse[d ur / ul paseaIour
Apueoyusis sem /yo) so10ads ur[e10qqis inq ‘s1.1,
10q 103 paseardop Apueoyrusis sem Yy JO JUAU0D
juouneon ewised urw | Jo / I9)ye

(p1oe o11Ad11es ‘SUIunR{o1Ad ‘urxne ‘uIf[a1qqIs ‘ygy)
s[oA9] auourioyoiAyd ur saSueyo pakedsip spaos A1 e

U [ ‘6L S tLL

2= M\ GO°€ :ANsuap 1omod
ae i

ZHY $'71 PUe AY L & A9d

919Y9J 139STAN
“TeA ] SHAUUD SNYIUDI]IE] JOMOPUNS 9vd0RIA)SY A[TUIe]

FERIENETEN

$)991J0 PAAIASQO

s1ojowrered ewse[q

saroads jue[q

(ponunuod) 9 dlqey,



141

6 Agriculture and Food Processing Applications

(panunuod)

[Ls1]

PaAIasqo sem AJIANOR SUISUSARDS [EOIpRI PUB JUIU0D
orjouayd [£10) uaiuod sredns Suronpal ur a5ueyd oN
LI UIW ¢ J& PISBaIOdp INQ ‘SIJ, Ul ¢

pue [ 10J pajeAd]d sem iSuo pue JySom Surpaeg
Juounean

ewse[d urw ¢ 19Je uoneunuId3 parredwr Ajguons
pue [,[, ewse[d U | I91je UONBUIULIOS PAIRAJ[H

U € g 1 LL
1e 0
ZHY 8S pue AY (g 1e 19 ewseld oS1eyosip vuoio)

uord BoI[eDy| "TeA ] D2IDI]O DIISSDAG
1[09001q 9BIJBIISSEIY (A[TWER]

[1L£]

spaas pajean-ewseld s (g pue 09

10§ 10431y APYSIS 1om SIYSIOM AIp pue ysalj Sulpads
sAep £ 10J imoi13 Sur[paes Jurmp sanfea

1omo[ APYS1s ur paynsar judunean ewsed s O¢ o[rym
‘S 09 < SLI 10 pasealoul APYSIs a109m syISua] Surpass
sLL ewserd [[e 10} 1oy31y sem

win) uoneuruIdg Jo ¢ Aep je 28ejuediad uoneuruIdn
PIAIaSqo

A1oM SIS 06 PUB (¢ 10J sanfea (A Paseardop Apysis
pue sLI, S 071 Pue (9 IoJ san[eA N\ pasearour Apysis
LL YA 9JB[21I0D JOU PIP SaN[eA )M\

LI Sursearour yim paseardsp Apuedsyrusis VOM

S 0TI ‘06 ‘09 ‘0€ ‘LL
M 06 :1omog

e i

asq reueld

1 Snnuup SNyIunIIE
IOMO[JUNS OBAORIAISY ATTiue]

[eoz]

s3uI[paas plo sAep £ Jo sySuaf J00ys

pue JySrom AIp 10J sanjeA 12y31y 0) paf yoea Uy

€ UM saIxIu CO/1y 10j SILL pue seSeijoa parjdde 1y
s3ur[paes plo sAep £ jo syi3uaf J00ys

I0YS1Y Ul PAYNSAI UIW G PUB ¢ ‘| 10J SPAas JO (AY § 1&
YorS | _UIW T € YA AImxIu CO/IV) Juaunean ewse[d
‘(unw [ 10y AY 1 PU® 21 ‘01 "8 18 yoed

[ —UTW T € (RIA QImIXTw Co/1y) s1orowered ewiserd
parpdde [[e 10J paAIdsSqO dwin) UOHRANIND JO SKBp £

pue 9 ‘G 18 YIM0I3 J00ys FUI[PIIS UO S109JJ3 ANISO]
(syp8uay J00ys

pue JySrom AIp) JamoI3 Sur[pass uo s109332 aanisod

Ul PAY[NSAI ‘ST,], PUB $93BI[0A ‘SONRI D) JUAIJIP YIIMm
suoneurquod sejewered ewsed pardde ay) Jo 1SON «

U G ¢ T LL

PR, § 4 ‘€ i€ ‘T JO s MOy T 1Y D
amyxtw CQ/IY :Dg

A1 vI pue

21 ‘01 ‘8 e ewsed oSreyosip euolod-ninuw padeys-uid

] SHRUUD SNYIUDIIE]
JOMOPUNS QBAOLIAISY A[Tue|

FERIENETEN

$)991J0 PAAIASQO

s1ojowrered ewse[q

saroads jue[q

(ponunuod) 9 dlqey,



H. Brust et al.

142

(panunuod)

[Le€]

SLL poq 10j

SSUI[Pa9s PO SABP / UI PAIBAJJO SBM JUSIUOD JIMSIOIN »
Spads pajean-ewseld

urw  woly sSur[pads pjo skep £ ur JySom AIp

ur 93ueyd INOWIM ISUI] J00YS pasearoul Apuedyrusig
s3uI[paas pjo sAep £ ut

JYS1om AIp PISBaIoul YIIm Spads pajean-ewse[d uru ¢
10J PIAIISQO SEM UONRUIULIDT JO UONRIA[IL WYSI[S

urur y pue g \LL
Ime i
ZHY S’ Pue AY (€ J& Bwse[d Ik BUOIOON[NIA

snnnpned
“IBA 7] SAUDS snubydpy YSIPeI QBodRIISSEIg (A[IWe,]

[£9]

[[oM SB PIAIISQO dIoM
S[OAQ] YD) PASBAIOUI PUB gy PIsLaldap Inq siojourered
uoneurudf pasoxdwr 0) peay Jou pip (25eI0)s Yuow G)
SPa3s JUBULIOP SSI[ JO UIW G JOJ JUSWILRAI} BWISB[]

00] ‘PABA[D

ApueoyrugIs 2Iom S[OA] UTUIY0IAD Ing pasueyoun

QIoM S[IAJ] UIXNE ‘SPIIS UL S[OAJ] YD) PIsealoul pue
VAV PISBaIoop YIM PaJe[aLI0d UONRUILIDS UO $109))H
ewse[d yim parean) 9I0M SPIIS JUBULIOP PIISIATRY
A[yso1y uayM (owir) UOT)EUTULIOS UBIPAUW ‘UOT)RUTULIDT
“Xew) s1ajowered UONBUILLIOE Pads UO $1091J3

aanisod yueoyrudis ur pajnsar s1,], ewserd pordde v

U gy ‘6 °L G € I 1LL
2=WOM S0°€ :K)1suop 1omog
1e i

ZHA ¥'¥1 PUB AY L e Add

1 snayps snuvydpy
USIpeI 9BadeoISserq A[rue

[1zel

spaos pajean-ewse[d s ()9 10J PASLaIddP PUB SPIS
parean s (¢ 1oJ pasearour APYsiys sem 1ySrom 100ys Inq
pagueyoun oxom S3uI[pass plo sAep £ Jo syiSud| Jooys
SLL 10q J10J d)er uoneuruIds ur agueyd ou Jnq
UOTIRUTILIAF "X JOYSIY PI[BIARI SPaas pajean-ewserd
S 09 Pue O¢ PIM IMOIS SUI[Pass Pue S1S9) UOTBUTULION
L1 Ul oseaIour oy Im A[Suons paseardop VOM

s 08 10J ewserd yim

Pajean spaas ur paounouoid JSOU sem YOTYM 208JINS
Pa9s Jo Suruayioows JYSI[s pa[eaAal sisk[eue NHS

$08—0C:'LL

M Tl 1emod

wd[ 'y D

IV D4

ZHY 9. e 1ol ewise[d nin

] P2oDA2]O DIISSDAG
1[09001q 9BAJBIISSEIY A[TWE]

FERIENETEN

$)991J0 PAAIASQO

s1ojowrered ewse[q

saroads jue[q

(ponunuod) 9 dlqey,



143

6 Agriculture and Food Processing Applications

(panunuoo)
sad Ay paas [[e 10}
PpaSueyd a19Mm 20BJINS Pads uo spunodwod 51qoydoIpAH e
sadA) paas [[ 10J PoAIasqoO Sem juduean ewsed
19)Je (pal winijozena)) ANiqeauttod paos Ul 9SeAIddP Y e
suonIpuod uoneuruIed pue sadAy pads
[Te JOJ POAISSQO SeM UONRUTULIOS “Xew ul 93ueyd ON «
SUONIpuod
uoneuruIag y1oq Iapun jusunean ewsed 1ajye
paaredwr A[Suons sem spass JUBINW JUAOYIP-[O1INd
JO uoneUIULIdS J[IYM ‘SUONIPUOD UONRUTULIOT
QuI[ES PUE [BULIOU JOPUN PUN PAJLIdode APuedyrusis
SEM SPIIS JUBINUI JURIOYIP-2S[IONW JO UONRUTULIDD) o urw G| LL
Qwn uoneunuIdd jo 1 ¢9 o) dn suonipuod aurfes Ime i yukoy () pupippy; sisdopign.ay
[L1] I9pUN PaJRAA[d SBM SPAds 9dA) P[im JO UONBUILIDD) » ZHY 0] Pue AY 0] 8 ddd S$SI0 9[BY) JBAOLIISSEIY AT
PaAIdsqo sem pojean-ewserd qgq e
Jo (1591 wingjozenay) Afiqedurrad Jeod Pads Ul asLAIR( o un Gy iLL
Spaas pajean-ewse[d Ire 1oy parojruow LI s KR (o)
Se ‘U (f JO QW) UONBAIISqO SULIND J[QRIS Sem J0LJ2 o) 9H DA
pue Jusunean-ewserd g 1re pue 19[ 9 I19)Je pajeas|d 10[ ewserd
Apueoyrugis sem a1ndnl ©)s9) SB paUYop UONRUIILIID) o un Gy L
90pJINs paas Jo Suruay3nol uons ae i eiquinjo) 2d£1003 yukoy (1) puvypyi sisdopiqo.ay
[91] | poreaaar spaas pajean ewse[d qgq e Jo sisA[eue NHS o ZHY L'6 PUe AY 01 e add S$SQI0 9B} JBAOLIISSEIY A[IWE]
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



H. Brust et al.

144

(panunuod)

[¥€]

Joy3y

Apuaredde orom sSurpass pajeon-ewserd swn-110ys ur

[oA9] durjoid se [[om se SanIANdE (O PUe ‘dOS ‘IVD
spaas pajean-ewsed unu ¢<

10§ IoYSTY 1M STUI[Ps PJo SAep £ Ul S]oA] COCH

pasueyu d1om Juduniean) ewserd

19)Je A[1031IP SPIas Ul S|9AJ] SN PUe SO VAN »

$1091J2

Aroyqryut pey utw ¢ > s 1,1, ewse[d ofrym “(psus|

1001 ‘JYS1OM [Ssa1)) [Im0I3 SUI[paads pue uoneuruIad

paos parodwt 03 paf utw ¢ > s .1, ewsed 11oys

UONEPIXO doBJINS

PaseaIoUl YIIM 9JBJINS PAAS Y} UO 1932 SuIydle

yuopuadop-asop ewseld e pajeasas sisA[eue XAd-INAS

unw 07 6 ¢ T ‘60 L

M ST :1omod

1e 0

ZHY S6°L PUe AY '8 12 add

yukey (1) vuvyvy; sisdopiqo.ay
SSAID J[eY) QeAORIISSEIY A[IUR]

[81]

uoneurudg jo ¢ Aep je S[onuod

Se 9ZIs Je[IUWIs pey Spads pajean-ewserd urw g

JO SUOPA[A109 9} J[IYM PIseaIoul APUBIYIUTIS dIom
SP3s pAjean Ul | JO SUOPI[AI0D BUI[WED JO BAIL Y], o
uoneuIuIag Uo S1091J9 2ANESoU pey JudunEaI)

ewseyd urw g1 o[Iym ‘urw | I9Je pajodye Ajanisod
SeM UOIBUTULIOY "XBW pUR 9)el UONBUIULIDS eul[ouwe))
LL Ut ¢

10§ AJ[e100dsa paseaIour sem UONBUIULIOY "Xew o[Iym
paSueyoun jsowe sem )l uoneuruiasd sisdopiqery
paonpar a1om sadAy proe

A)eJ (10q BUI[OWIRD UT S[IYM ‘SPIoe A)JeJ pajeInjesun

UI 9SBAIOUI UB PUB PIJRINILS Ul ISBIIOIP B PI[LIAI
spaas pajean-ewseld sisdopiqery jo sisApeue prdip
Pasea1dap A[Suons sem spass Jo Ajiqeourrad

oy ‘saroads juerd yjoq 10 paaoxduar APYSIIs sem A\
saroads juerd yroq

10 SI,I SuIseaIout (pIm pasearodp A[3uons sem YIM
sa1oads juerd y1oq 10J ST, SUISLAIOUT (1M 908JINS

Pa9s jo SuruaySnox Suons pafeasdr siskeue NS

urw ¢y pue [ LL
Ime i
ZHY 01 Pue AY 01 38 ddd

zyuex) (") pAyDs punaUn))

BUI[aWED 9BAJBIISSBIYg

:ATwre,] pue yukoH (“1) puvypyi sisdopiqo.ay
S$SQI0 9B} JBAOLIISSEIY A[IWE]

FERIENETEN

$)991J0 PAAIASQO

s1ojowrered ewse[q

saroads jue[q

(ponunuod) 9 dlqey,



145

6 Agriculture and Food Processing Applications

(panunuod)

sinoids pue $1001 Jo PSus] A} Jo searour

Ue QIoYM LI, U ()7 I0J PAUILIQO AIoM SI[NSAI 1S9
SPoas [0NUOD JO ASOY) Uy} IJTABDY puE

103U0[ 219M Spaas pajean-ewseld Jo sjoo1 pue sjnordg
SPa9s Jo ymois Apred

ur Oz \LL
M LT Iomog
R RS 9]
RILESY|

1 snayns snuvydny

[807] | oy1 pasuanpur Jnq ‘9Ll UOBUTULIIT ) UO 10JJ2 NI » A ST pue ‘zH (6 e ewseld o31eyosIp aoeyIng UsIpel 9BaoeoIsselq :AJIue]
um 09 ‘0¢ ‘0z ‘01 “LL
ewse[d 0 M S Jomod
10J IMoI3 Jo U G6 1Je wd G £q YiSua noIds poreAd[q e wis [ ;D
4 ()L 191je UONRUIULIDT "XBW PAsealdu] e ae /20 104 1 snanps snuvydpy
[801] Y ¢ 191je paads uoneuruIol pasealou] [10) BWISB[J ysIpel 9BaoeoIsserq :A[Iue]
U 96 PU® ¢ Je [0Nu0d
ayy ur uey 1oy351y dnois Judunean oy Ul [9AJ] 4 B «
S[[09 paens ur uone[NWNOdE SO PAILIS[AOOE
Y g 101je dm1ade [LIRWO)S PAdNPAI JUSWIRAI) BWSBI] o
496
19)Je pajengarumop Apueoyrudis ng ‘Y g4 18 pasuryud
Apaprew souad Surfeusis gy Jo s[oAd] JdLIosuel], «
[ 96 Jo)je [01UO0D 9Y) UL UBY) JOMO[ 1M INq Judunean U G 4 ‘¢ ‘7 ‘1 ‘$°0 LL
19)Je Y 8% poyead pue poseaIdur STUI[PIss Ul [OAJ] VIV e - M TH0'0 :K)1suop 1omog
ymois Surpass ae :0q yukoy (1) puvypys sisdopign.ary
[zsgl pajowoid AuedyIugIs urw [ 10j Juounean BWsed o ZHY 'L 1© (pay1oads jou) ewise|d SSI0 J[BY) ABAOLIISSBIY A[IWE]
ewsed Jnoyim Jey) ueyy 1osuof
sown g SI ISU9] WS Y} ‘UONBIAUAT PuOIas Y} U] «
piuuly
ewsed
INOYIIM Jey) uey) JoSUO[ sawN ' ST PSUI WS Ay} urw ¢ i1, ] DUDIANLZG DIUULZ
pue uonerpe. ewseld Jnoy)im Jey) uey) 105re[ sown g 7=Wo M 61 :K)1suop 1omog BIUUIZ QBAORIISY :A[IWE]
SI BAIR JB3[ oU) ‘UONBIAUIT PIIY) ) UI :109JJ0 WiId) SU0T e 0 pue uASH (1) pupipy; sisdopigoay
[z62] sisdopigvay adda SSQI0 9[BY) JBIOLIISSEIY AW
um ¢ SLL
paonpoid spaas 2=Wo M 61 :K)1suop 1omog
JO Ioquunu PIJBAI[S PUE JSAATRY JO JYIIom Pads [8]0) M L1°T :1omod
PaIRAJ[D ‘(JD1[ILD SABD 9) ABP 1SOATRY JOI[IRD ‘(IA1[Ied RiRg yukoH (1) puvypy sisdopiqo.ay
[091] sAep ¢‘7) AJnjew I9[[Ied 0) P9 JUAUNLAT) BWSE[] adgq reueiq S$SQI0 9B} JBAOLIISSEIY A[IWE]
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



=
2 (panunuod)
7] dwiay onysaziqorerq, "Ad PuB B[oulL], "Ad yl0q
Dm ur Sulpads Jo JYSIOM pue UOIdoe SUIPIIs ‘SSUIPIIS
. Jo (3ua) dy) pasearout juaunean-aid ore JuIpio .
T Juounean-a1d ewserd ore SuIpr[s 19)Je SONSLIAORIRYD S 009 ‘00€ ‘081 :LL
PaINSLaW [[B UI PIAIISQO SeM 1091J9 [RINAU/IANISO MU NI )
(.prouSewre), ‘ SNYSIZIqORIY, ¢ B[OUL],) STRAD[ND Ime i T PAUDS SIgPUUD))
[90€] dway oa1y jo spads Juoure asuodsar Ul SIOUAIII o ZH (S 18 oI SuIpIn dway ovaoeqeuue) Aureq
Spads aAnoadsar
119y Jo juaunean ewse[d o) onp pajogjyeun synoids urw ¢ ‘g ‘T \LL
ader Jo sonsLRloRIRYD AIOSUIS PUB [BITWAYI0DISAY] « de5 oponod[o-IaNuI 18 | _S W G'T 1D
IMOIS uI[pass pue dJel UOTBUIULIAS IIAY) UO $)09)J ae i "1 sndpu po1sspAg
[0L2] | eanisod pamoys urur 7 03 dn spaes Jo Juounean ewse[d « | ZHY 8S PUB ¥ G ‘AY 0 e 1ol ewserd oSreyosip euoio) paosader ovaoeorsselq :ATuey
uonerpe. ewseld are urw ¢ £q POAIISQO Sem [IMoIS
J13)SBJ S9W £°7< ‘QUO AIp UBY) JUSWIOUBYUS [IMOIT
Ul 9AIO9JJ9 210U sem uoneIpel ewse[d Ire pruny o
ewsed sased S 081-09 :LL
Iy pue ‘TN ‘OH J0J JUSWAdUBYUD [IMO0IS JuedYIuSIS ON o~ M 67T :K)1suop 1omog
ewsed sosed Surpagy (U N 9 D
N + (%01) ON pue 1re ‘CQ 103 yymois juefd pasueyuy « IN IV ‘9H ‘ON ‘CQ ‘e :Dg 1 snanyvs snupydpy
[e6T] UOTBUIULIST UO UONBWLIOJUL ON o V T0PUR AY 76 add USIpe1 9Ba0RoISselq (A[rue]
Kep £ 1e ¢'1 01 Aep Is1y
9Y) 18 /¢ WOIJ SISBIIO3P [0NU0D 0 uoneipe.i euwserd
yim ISudp juerd Jo oner ‘owin yim yeam Ajjenperd uru ¢ L1
sowo0o9q uonerpes ewserd oy 03 syuefd jo osuodsay o 7=Wo M 61 :K)1suop 1omog
JUSUIEAI) BWSR[] 191J8 PAIBAS[S YISUS] SUI[PIIS o Ime i 1 snayps snuvydnyy
[162] UONBUIULIOT UO UONBUWLIOJUI ON o ada USIpe 9Ba0RdISselq :A[rue]
Aianoe SuiguaAeds [edIpelr Hddd pue Juuod
orjouayd [e10) sIEZNS JUIONPAI AINISIOW JO S[IAS]
Y ur saueyod Jueoyrusis ou spaes pajean-ewserd
woiy umoId synoxds ‘sonuod pareanun o) paredwo)) « urw ¢ ‘g ‘[ :LL
s3uI[pads jo [—SWETAD
IMOI3 PUE J)JBI UONBUIULIIT PIds UO $109JJd [RIOYaUSq Ime i 1 snayps snuvydnyy
[1L2] pamoys urw z 03 dn 10§ Juounean pass ewse[d oy, « | ZHY §S PUB V G’ AY 0 e 10l vwise[d o3reyosip euoio) USIpe 9BaoedIsselq :A[rue]
SOoURIRJOY $100JJ9 PAAIASqQ s1ourered ewse[q soads Jueq

146

(ponunuod) 9 dlqey,



147

6 Agriculture and Food Processing Applications

(panunuoo)

[ov€]

AorydorpAy pue YO UT SOSUEYD) o
Spaos
upydwind jo uoneuTwIaS YY) PAJLIL[AE sIof BWISEJ

ur Gz pue [ L
s R A )

SHAY D4

2Py 9 pue 01 Je ol vwiseld

ur[qon A1eAy "A9 “Q[epyeLIef ‘Ad T
DULXDUL DIIGININY) PUR B[[QISPULD) ‘Ad T odad vjiqinony
unydwind seaoeyiqIon)) Aqiwe

[66€]

sjuauyean ewsed

10/pue INDMIA 2 £q pasned ‘Surkjnoniy jo awn

Q) UI 9SBIIO3P Ay} puB ‘s1omop paonpoud Jo requinu
Ay ur asearout :93e)s aAnoNpoIdal uo syuSUIEIN
ewsed 10/pue INDMIA JO $199130 wid)-3uo]

anssn

wolAX Sunonpuod ddI10Jutel INDMIA PUe BUse[d
‘syuounean ewserd 10/pue TNDMIA 2 £q payoaoxd
QToM ‘WIRISAS Je[nosea A[[erdadse ‘sanssi jo suroped
UONBNUSISJIP PUE SISOUSSOURSIO Ul SUONBIYIPOIA
uonenwndoe pue aerdn INJMIN Paoueyua

ewse[d Jey) pa[eaAdr Apnys [eInjonns-enn Ay,
Kdoosoorur uono9[e ue SUISN PAJSAIULW IIM SIABI] 0}
1001 3y} wol SENDMIA Jo suoneiodsuen pue ayeidn
$1091J9 [enpiatput 11y payrdue

ewse[d pue [NDMIA YA SIUSUIEII) SNOJUL)[NWIS
39 Jes[ pue ‘Xopurl J0S1A ‘ssewr AI1p pue

ysa1y ‘syISua[ 100Ys pue J00I AYI[ ‘SIren) PAJR[I-YIMOIT
ur 9seaIdul dNeureIp 9y} 01 po] (LNDMIN) seqmouru
uoqred pa[em-nnuw 1o/pue ewse[d s Surwrd pasg

S 0TI PUT 09 :LL

NIEO M 780 “\mu_mﬂwﬁ Jomod
M F AR ]

1V :Dd

aga

] DRUDIDYD DIIPLOUIO
UofowW J)IIq 98a0R)IqINON)) (ATTUIe]

[161]

urw g
PUE [O1UOD UAIMIDQ AOUAIFIP ou :1yStom Surpaes
SLL I8 10}

PateAd[d :sAep (] Ja)je Su9] (JOOI pue 100ys) SUIPIds
SILL 1910 [[& 10] 9SBIOUL JUROYIUSIS ‘UTW 7 U [0NUOD
U99M)2q 9JUIIIP ou :Kep ()] I9)Je UONBUTULIOS XA o
urw § Je paounouoid jsowr ‘s1,], [[e JOJ uoneUIULIOT

ur 9seaIour JURdYIUSIS :SABP § I9)Je UONBUTUIION
Sunyeos

JO 4 ] 191J8 [0NUOD 0} SOUAIRJJIP OU INg ‘[, [, UIW T 18
9SBAIOUI JS9SUOMS YIM PISBAIOUT AUBOYIUSIS SBM (M o

U Ol ‘g ‘9 ‘¢ ‘T LL

IN D

ZHM 0T PUE VW ¢

‘AN 01 mndino £ddns romod je 10[ ewserd osueydsouny

eIeSeIN

“TeA TeYRN 29 “winsieA (‘quNyL) Smpun] Snjinai)
uo[ouLIdEM

Qe0oIIqININY) ATUE]

FERIENETEN

$)991J0 PAAIASQO

s1ojowrered ewse[q

saroads jue[q

(ponunuod) 9 dlqey,



H. Brust et al.

(panunuoo)
uur Og \LL
uondIosqe 1o1em paseaIdu] o wods OGT /WIS T D
10314 Spaas djowoid Jou saop IN/PH D4
931eyosIp winijay 2y 03 UdSAX0 JB[NI[OW JO UONIPPY e (Agd-ds) 2901asp
wolj SuISLaIdop W) UONRUIULIIT URIPIIA « ZH 009 IPAA SLIDUIIND SUIT
[¥L] S9JeI UONRUIULIOT U0 PISUIPIAD ST )oedwI ON e opmrdwe ur AY 9 1e J9LLRq OLNOJ[AIP payord-padg U] dedoeqe,] A[Iue
Juaunean A (8 e dnoid pejeanun oy ey 10yS1y sown)
¢ Aroyewrxoxdde sem sueaq pajean-ewsse[d ur ygvo e
J9)owelp JoSIe B yiim s[£1000dAy 103uof
pue 9orpel 1oys 0) pagueyd ASojoydiow Surpasg « unw LT
ATuo A\ 007 YA Juounean ewse[d J0)Je 9sLaIdp VOM o M 00T ‘OF1 ‘08 :1omod
19lJIp j0U wrs €1 A9
p1p uoneuruiIag ‘xew ‘voneuruiod jo peads 1oySiy v 1y :0q Yozorip ¥ (1) vivipva DUSIA
[6t] | 01 pea] pue uondiosqe Ioyem 210w APULOYIUIIS ONPU] « 1ol ewiseq uedq Sunw deadeqe, A[Iwe]
Sununod jo sep 11 Jaye (uru 1) un gy ‘6 ‘¢ \LL
%¢ £q juounean ewse[d 19)Je 9SLAIOUI UONRUIULIID) o Ie :0 JIMA 9P (‘wer)) pppydasoona) puaPINIY
[s] s1], ewseld [[e 10J pasearoop Apueoyiusis sem VOM o apow D pasind Pim zH 066 Pue AY S'L1 e add Qo1peo AYM dBddRqR,] (A[IWE]
LL U g—=¢°0 ur 6—¢°0 -LL
10J pasearour JyIrom AIp pue y)Suo[ JuIpes 2= W QT :Kysuop 1omod
U g—g'() JoJ paoueRyud UONRUILLIOT "XBIA o Ime :0q ] WNUILID 12010
[o12] LL Ut $—G'() 10J pJeAd[d paads uoneuruon « (QIAS) 281eYdSIPOIdIW dJBLING eadyo1yo Jeooeqe, A[iue
SN G PIJUBYUD (WU '/ / /) SUI] UOISSTUID
[e91PEI-Q :9pONII[R (DY) PAPUNOI3 SUNLISEIIY
syueld jonuod oy YPim paredwod
‘s3u1[paas pajean-ewse[d Ul 19MO] SEM OIRI J0OYS:J00Y o um G ‘ol
LLUm Qe | ST S OE s 01 (PUg) ‘UMW OT *ST ‘01 °S T 'S 0€ (ST) 1LL
A[1e109ds9 ‘poAIasqo sem 1YTIom [sal) J0OS Ul ISBAIOU] o wd[s 7 140
uoneuILISS “Xew ur 9fueyd 1y :04 ] WN2DAZ-WNU20f vjjAUOSIL],
[LL] | ou ‘urw G| pue s (¢ J0J 9Je UONBUIULIDT PIAS PAJUBYUY o ZHY ¢ pue AY 9] 1e 19l ewuse[q yooI13nuay ovadeqe, :A[Iue]
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

148

(ponunuod) 9 dlqey,



149

6 Agriculture and Food Processing Applications

(panunuoo)
Jusunean
pajeadal pue SuLLIs 10J 1591BAIT VDA Ul 9SBAIOX( o
pouad awr Suof auo utw 0z—¢ :LL
JO pealsul $9[oAd Juaunearn pajeadar Joj Surznuopues wods OGS | 1D
10 SurLLms Jo $90uaNbas JUIISYIP 10J PAILID[AIOY o IN/PH DA NIPAA SLDUIND SUIT
[eL] uoneuruIag ur paads pasearou] e ZH 00S PUB AY 9 1B g QWN[OA POIBIS [MUST oeddeqey ATrurey
JuAUIRAIN)
ewse[d Ut G pue | J0J PAIEAI[D ISUS[ SUI[PAIS un Og Sy 0y ‘sT Tl \LL
swn =HWT0C A
amsodxo deo SUISEAIOUT YIIM ISBIOUT :UONRUTULIAD) o oH D4 1 SUDSNA Snjoasvy g
[8%¢€] UIU ()G 18 9SBAIOAP YIM ZHY 9 ‘VW 9] ‘AY 6 1@ 13 ewise|q uBaq UOWUIOD dBIJRqR,] A[IUIE]
ANIqRNOM PIDS PISBAIOUT PI[BIAI VDM o
sKep ¢ e oouaSIows Jea| pue
1£1000d A1 Jo 93eIuac1ad U UASS sk (s (OZ[>) JUdUNLAN u O1—0 :LL
ewse[d 1I0ys 10J STUI[PISS JO (IMOIT PAIRIO[AIIY M §°8G8 1omog
S 081 Ire :Dq NIPIN SHvUIMI SUIT
[£S€] | < SLL 10J pasearoul spaas peap jo raquinu :K)ienb poag « HY €€°€1 ‘A) ST'6 3 dddDsS [DUQ[ oeadeqR,] (A[IWE]
uur ¢ pue g 1 :LL
13uny oruaoyyed £q pasned a3ewep 2ANRPIXO A} M S8 10 A\ GO 1omod
Sursioaar ‘quaunean ewsed 19)Je JuAIUOD duoIyEINS wys 9 10
ul SJUSWIAIOUL pue AJIANOE D) Ul SUOHONPAY o N pue 0 D4 RN (") Xput 2u1]H
[y9zl] UONBUILLIIZ Paas Uuo 199JJa JUBOYIUSIS ON o ZH (6 e add Aeie 9[paau Jeur[q uraqA0s adcRqR, A[IWR]
UIYM PIJBAI} SPAIS JIYM
‘s ¢ 1e spaas 03 parjdde sem ewiseyd 1ayje pasearour
SSUI[Pads JO UOTBUNILIOS puE 9dUL)SISAT JYSNOI(J o
S 09 ‘0¢ 10J pasearour JySrom A1p pue yISud| SuIpaag «
S (O 10J JoMO[s Paads uoneUIUIAN) «
S 09 ‘0€ 10J PAIBAJ[d UOTRUTULIOS “XBIA o
HUIRbIY4
‘s 09 ‘0 J1oj pasearour JyStom AIp pue pSud SuIpeds S 09 pue O¢ :LL
S ()€ 10J JoMO[s paads uoneUIIdN) « (U T 6D 1 odad vnqinon)
S 09 ‘0€ 10J PAIBAJ[S UONRUIULIOT XBIA o Ime i TUTYOONZ QBAIBIGINONY) :A[IWE] PUE "] WNADS WNS1]
[1s11 g A ST sem a3eyjoa parjdde je ao1a0p vwseld DS ead ovooeqe, :A[weq
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



<
= (panunuod)
2 s[onuod 0) s[qeredwod pue uoneINIes Iaje|
= INQ Y 7 ISIY Y} UIYIIM PISLAIOUT J[qEIJNOU JSOW A\ o
B. seaIe [£1s9) Jo SuIuasoo| pue uorselqe ym KSojoydiowr
e 90eJINs pass pagueyd Jusunean ewse[d s )09 o
soeSnluod pue sa)IjoqeIed II9Y) St S 009-09 :LL
[[oM Se SUTUIY0)Ad pue UIXNe JO SISIYIUASOIq PISEAIU] o 7—Wo M €T :Ausuap romog
I3ua[ J00ys pue 1001 s1ajourered Ime i joydoid “Tea " wnanups wnsig
logel ImoI3 pue o3ejusorod uoneurLIOS Ul paseaIou] e ZHY ¥1 ‘AY 01 e ddd ead ovooeqe, :A[weq
umu QO pue °L ‘¢ ‘¢ ‘1 \LL
M ST 103 paounouoid jsouwr () A\ PISEAIU] o M €6 -1omod
M ST e 93ueyd "Xew ym Ie 0 ] WNAYDS wnsig
[68] uSrom A1p ‘e [[Aydoroyd ‘yiSu SuIpeds pareAdld agaaq reued ead qvooeqe, :ATwe
s3urpaes
Ul SOPISOOA[S PIOUOABY UO $109JJ9 Pey JUSUNean) ewse[d o
11 waysAsojoyd jo Aouaroyye redrweydojoyd “xewr
19MO[ peY spaos pajean-ewseld urw ¢ woij SSUIpPaas o
PaAIaSqo
Q19M JYS1om AIp 9y} UO $199JJ0 Joutw A10A € AJuo
pue paonpaI sem sSUI[Pads Plo sAep-9 JO YISUI] 100YS
Juedy SIS u O] ‘6 ¢ 7 ‘1 1LL
JOU INq UTW G PUE ¢ J0J PAIBAJ[Q [ 4 JOJJe ‘UTW ¢ Ime i BOUBWIR[ES "TeA ] WNAIDS WNS1J
[o¥] | ‘T ‘1 10J Y4 $ 19)je UONRUIULIOZ UI 9SBAIOUI JUBOYIUSIS o ZHY 0°€ PuB AY ¢1 01 9 18 g doejing ead ovodeqey :Aure]
S 09 -LL
SrAdoxorw ayy paSueyd 1 uey) A[9AIOIJJR 2I0W WN[IY M OS] :1omod
Ayl Jo (VDM) AN[Igenam oY) pagueyd Juaunean ewseld o =S T€0°0:dD
sAep ¢z 101je a3eiueorad uoneuruiod Yy 9H D4 PIIIA punnjaa vuriyidig
[9] | %6 ynm souewrioyiod uoneuruag eneq APYSIS A[UQ « ada n3un[nw eadeqe, :A[Iue]
LL ¥oys 10y K[eroadse
‘uoneurudg pasordur A[Suons juounean ewsed o
urw g uey) 19yealsd uiw G| pue ‘6 ‘¢ :LL
SUOIRIND JUAUNEAT) I0J PUNOJ SeM UONIqIqUIT 3U) JO 2~ M 8T°0 :KyIsuap 1omod
uopneINIes INq ‘UonEIND JUSUNERI) AY) 0} pAe[al A[)0aIIp Ime i quag vrjofvrurdpsavd vsou
l6S] 3q 0} punoy a19M UOHIQIqUIT PUE (YOAN) AN[IqENop o A §¢ pue (pasind) ZH 066 e Add BSOWIIUI QB20RqR,] :A[Iuwey
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

150

(ponunuod) 9 dlqey,



151

6 Agriculture and Food Processing Applications

(panunuod)

spaos pajean-ewseld jo syuerd

uo SuImoid sa[npou ur AJIAIOE aseuaSonIu pajeAd[q
voIe Jeo|

€30} pue YIFUS[ 1001 Ul ASLAIOUT Uk 0 po[ sO parjdde
10q I[IYM ‘PaAIasqo sem spaas pajean-ewseld Qo
woly SSuIpaas Jo YISua[ J0oys ur asearour Jueoyusig
spaos pajean-ewserd

woiy umois syuerd pjo-p-p Jo s1eowered [eoLnoworg

ulu ¢ pue g (LL
[—UWIN 9 D
0 pue TN D4

RN (1) xpuw 2u1d10

[s9z] [#92] 01 yJuawedwo) « ZH (¢ e Sunerado AY S7—0 1 ddd 2ueld 01 9[paoN ueaqAos aeadeqe, :A[we
a3ewrep
JO SUSIS 1e9[d PaMOYS ISENUO0D Aq ‘[OIUOD PAJOJYU] «
[01u0d Ayieay
9} J0J puNoJ 1Y) UBY) SPIJS PAJLaI) WOIJ UMOIT
syueld 10§ uro)jed Je[IUIS € PI[EOARI YIMOIT dANRIOTIA o
ewise[d p[od Yim pajear) Spads Ul dUIPIOUL
ua3oyied Jo uononpal Ay} 0) AP SSANS ANEPIXO
193311 10U PIP SPISS PAOAJUI WOIJ UMOIT SR o
Kyanoe onayjuksojoyd ur a3ueyd oN «
syued Jo oI ) pojuAWAIOUT S081 —09 :LL
pue ooueunoyrad [eor3ojorsAyd Ayieay pue feutiou e [=UIIN 9 4D RN (1) xvut 2u1d]0
pajowold ‘(ySrom ysaiy ‘eare Jerjoj ‘yY3usf 100ys 1001) 0o pue TN D4 ueaqAhos
[#92] | Wmoi3 jueld ‘voneUTIOS PAsLAIOUT JUSUWIIEA) BWISE] o ZH 06 e Sunesado AY 670 e add duerd 01 9[paaN Qeadeqe, A[weq
TN pue CQ JO SoIMXIW JUdIJJIP
s Juaunean ewse[d o) paredwiod ‘YN pa9s S 00€ ‘081 ‘09 :LL
uo s309JJ° Jurdewep Jsed| Yy pey ewsed Ie juarquie M 00% Indur :1omog
ue ‘sojduwres pajean-uou ur uey) agewep YN IO o LI s KR (o)
dFewWEp VN(] WUESYIusIS (0Z:08 0709 *09:0%
ou 0} anp juounear) ewseld ay) 10y snodgejueape £08:07 = IN:CQ) semxiw ‘CQ ‘TN ‘1B judiquie 10, ] WnAyDS Wnsig
[zrel 1sout 9y 3q 03 sreadde vwserd Jre JuaIqUIY o AX 0T ‘ZHY ¥1 e ddd ead ovaoeqey :Aqure]
S 00€ ‘081 09 :LL
SQWAZUD JUEPIXONUE JO UONBANIOR pUE STUI[PIos ¢— WD A\ 08 :ANSUSP 19MOd
P10 Aep-¢ SunoA Ul S[EOIPRI JO S[OAJ PISBAIOU] Bl o (o)
s1o)owered IN ‘€O ‘mre i
UIM0I3 pue uoneuIuLIdg uo s 09 Jo I, uaunean yead-o)-yead AY oz 01 dn opmyrjduwe joydoid "Ad T winayps wnsig
[yeel ewise[d TN pue are Jo 109))0 2anisod juedyusis ue s a3e)joa Y31y eprosnuls ZHY 1 1 A4SOA ead ovooeqe, :A[weq
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



H. Brust et al.

152

(panunuod)
Kyoeded uoneururad
IOMO[ J19Y) Aq PIMO[[0] SPads JO aFe oY) [JIM PIJBIOOSSE
9q 1YW YoIym ‘(Spass pajeanun) [0NUOI dANIU
Q) Ul Pa)I2IAP OS[E sem dFewrep YN JO [9AJ] IOYSIH
ewise[d TN 10 punoj sem oSewep YN UBOYIUSIS o
wsijoqelau druagAxour
Sunsad3ns ‘sonianoe aseuddoIpAyep [oyodre
pue djeoe] pare[nwins Inq ‘AIANSE 9seudZ0IpAYSp
euroons payiquyur Apueoyrusis s1,1, ewsed TN 103u0T o
S 06
PuE ()9 18 Spaas pajean-ewse[d IIe 10J PUB S ()¢ I8 SPIAS S 0TI ‘06 ‘09 ‘0€ :LL
pajean-ewsed TN 10J paIeAdd sem (U] JUIPISS o (U € gD BUIZIN "AD
TN pue I1e 10J 9SeaIoul JuedyIusIs IN ‘€O are i 1 Xt U110
[se€]l | ou ‘s 6 ‘09 TO 103 UONEUIULIDS PIIS UO 1IJJO JANISOJ o ZHY $1 Pue AY 0T e ddSDd ueoqAos dedoeqe, A[rue
pasearour
SEM [0A9] UIXNE PUE ‘PISBAINIP AIIM S[OA] VIV
$120D Paos
Jo uoneprxoad pidif pue K1o171ydoIpAy pass usamiaq
UONB[ALI0 dANIS0d ‘Juaunean Iajye YA Ul uononpay «
a3ewep 2AnEPIXO AY) Yiim padoo Loy ey) paysessns S 081-09 :LL
(DI) Spa9s pajdaJul AQ pAIQIYXD JUAIUOD HSH) pue G8 PUB A\ GO :1omod
Ayanoe 1D ysiy :eseprxorad [ooerens pue qOS ‘ILVD [—UTWIN 9 D
10S1A pue UONBUTULIOS Ps UO JOJJd ses IN pue CQ O RN (1) xpw 2u1d]0
921 A1o1e[nuuns JueoyugIs v pey syuaunean ewse(d [V o adda Keire a[paaN ueaqAos aeadeqe, A[ue
Suimos 10338 sKep (g Je A[U0 pJe[a1I0d
Anpiqerrea oidKjouayd ay) pue Kyijiqerrea onouadidyg «
Suimos 10)je sAep 9 je
uey) SuIMos I9)je sep (g 18 UONeNUdIdJJIp YSIY yIm ¢Q Joj unwi ¢ pue N Joj unu g 111,
‘syuerd jonuo)) ayy 03 3oadsar yim saSueyd uoneAyiow M 9] 1omog
VN Paonput SO [10q YIIM JUSWILAI) BWSL[] « (U 1IN 9 :AD
doueoyugis ou Inq sadAjouayd ur saSuey) o pue TN :DJ RN (1) xvut 2u1d]0
[992] [S92 ‘#97] 01 Juowedwo)) « ZH 06 18 pue AY S7—0 1 add 2ueld 01 9[paoN ueaqAos dedoeqe, A[rueq
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



153

6 Agriculture and Food Processing Applications

(panunuoo)

[¥1]

LL S 06 pue (g 1o} ssewr ysa1j juerd 12103 oy paroiduy
juourjeon ewserd

I0}Je POSIOAQI SEM WNIUS[OS PUB SPIXO JUIZ JO AJOIXO],
LLs06

pue (6 e yiSuay 1001 paroxdwr Apueoyrudis ewse[q
3uo] was oY) paaordwr Apueoyrusis jusunean s g

S 021 06 ‘0S \LL

2= M\ $8°0 :ANSUp Tomod
JELN R (9

1V :Dd

AN QT pue zHY €1 38 ddd

1 sipuidffo vssyaW
weq uowo| dedoeIwIe ] (ATIure]

[16]

s 001 uey) paounouoid azow s (g 10J PSu]
1001 “WYSToM [SAIJ JOOI “J00YS UI ASLAIIUT JULIYIUSIS

S 001 Pue 08 ‘LL

—WO M $8°0 :K)1suop Jomog
wis ¢-1 4D

1V DA

adga reuejd

] bsoLouidu viaIpg
23es pue[pOOM dedoBIWERT :A[TWE]

umw g ‘[ s 0¢ ‘0T ‘01 1LL
woISAS PI[Y-pass 10 e~ Y 16T :Kysuop AS1oug

wis L :AD
uIw ¢ pue s (¢ 18 JYS1om SUI[Pads Ul 9seaIoul JUBOYIUSIS o Ire pruny 0 ] WNDIISDG WNUII )
[8] s11ourered s)uawIRAL) [[B 18 UONBUTULIOS PAJBAJ[T o adq swnjoA [ISBQ JO9MS OBORIWE T :A[IWE]
.S[01U0D 3y} 0] paredwod PIsLaIdUl A[qRIOPISUOD
(uoIsuIxa Jeo[ WS1om ‘YPSu9[ [2I03) STuI[pass
Jo s1joweted Yimois ‘uoneuruiad pads pasordul] «
uonIqIquIl SULINP 3SBAIOUL JZIS PIIS “IOIARYDQ SUI[[OMS o S 009-01 :LL
JUIUOI-() JANB[AI UL ASBAIIUL ‘X AH-INAS o £—Wd AW (g :K1Isuap 1amod
SUOTSQI 9JBJINS IAYIO UO Ime i ] WNDIISDG WD)
[L] | suoneme ou ‘uoidar reA[dotorw 18, payala,, A[Uo NHS » agq doeyng [1SBq 199MS JedoRTWE ] (A[TWER]
Ananoe swkzus 1) pue qOd ‘dOS paseaiour ue
‘[oAS] uone[AyIoW YN Ul S9SUBYD ‘YIMOI3 100Ys pue
001 PAJUBYUD puk del uoneunudd 1ysy Apysis v «
$109JJ0 AIeNUOod JURdYIUSIS PRy
urw g jo uonenp amsodxe ewsserd 1o8uof nq ‘dnoid
[01U0d 3y} Jo 350y} Yim paredwiod sasearout 1saySIy
AU} PaMoys U [ 1o AY [ e euwse[d 01 pasodxa
sinoids ueaqLos Jo sejelr uononpoid pue UONRUIULIAL) o S 08T ‘0TI ‘09 ‘8% ‘T ‘Tl :LL
AN T 1< e pauquyul A[[enusAs M ISL 0 '¢ -1omod
st mois [n enuajod ewserd ur oseaIour 1Yy P EAE 9]
[IM PISBAIOap INq ‘AY €°L] 18 PIUreIqo Sem [1moI3 1y :0q IO () Xput 2u1L10)
[z8¢€] Jnoids ueaqAoS “Xew ‘uoneInp 2Insodxa Jo uru g « AN 1772 01 8°01 woiy a3e1joA 1 qg( due[d 01 9[paaN uBaqA0S 9BIJRQR, (A[TUIR]
SOoURIRJOY $100JJ9 PAAIASqQ s1ourered ewse[q soads Jueq

(ponunuod) 9 dlqey,



H. Brust et al.

(panunuod)
sSuIpads 1sa1ABAY ) pey so[dwes s G o
sordwres 1930 Yy uey) JyIrom Sur[paas AIp Io[ews
ApueoyruSis pey sjuauwiean s 09 pue O¢ :PImoIs A[reyq «
uoneuruag paromof jusuwean ewse(d s 09 o $09 ‘0 ‘0T ‘S ‘€ ‘T :LL
skep RICRIgY |
oMm) 10Je LT, S € J0J UOTBUIULIDF PIIBAJ[d JUBOYIUSIS o yead-0)-yead AY oz 01 dn plouxy ' p4S1u snuig
[60¢€] 9sBa109P JUBIYIUSIS YDA o | Jo opmipduwe ‘oSejjoa ySiy [eprosnuis zHY 41 1® q4SOA quid yoe[q oeadeUl] ATTWIR]
L1 ewserd s 09 $09 ‘0€ 01 ‘S ‘€ ‘T 'LL exm, o8nu snuld
105 aurd yoe[q 10J SUI SUIPIIS UBIW U ASLAIIA( o ¢—Wo M G/ Asuap :1omod ourd ureyunowr pjoury [ ‘v481 snuid
UIMOI3 A[I89 S [[om SB ‘UONBUTULIDS "XewW pue Ime :0q ourd yoe[q ] SLUSIAIAS snurg
[80€] | poads uoneuruio8 pajeAs[o JUEdYIUSIS -UoU JNq SPUAI], « ada qurd uowrwod deddruld A[Iwe]
Qoo 9y Jo syred awIOS Jo dmowly
10 93ewep pue 2[o1Nd Jo suoz 1dadp oY) Sunosyye unw g1 ‘07 ‘S ‘7“1 \LL
ut pajnsar ewseld 0} spads Jo 2Insodxa 193U0T A O 1omog
9SBAIOAP JUBIYIUTIS OU YIM o S B RE o)
UONBUIULIOY UT 9SBAIOd(] o IN DA
urw G pue g VUI €€ QIoM Sureul )
Jo sown arnsodxa oy 10J ewsed PIm paje[nwins Spads | woly omod uedw pue JuALIND SINY ‘(AN §°€ "Xeul) A 089 OYOI( “TeA SIA () PovISulnyl PP
lesz] 10J paure)qo a1om sioowered uoneurulros 1SoYSIH « | 01 pajunowe a3e)joa SINY pardde ‘zH g e ore Suipin MO[[BW-991) UIPILT QBIIBATRIA] :A[TWIE]
un ¢ pue O ‘S 7 ‘1LL
M 9 Jo 1omod uedw :1omog
uoSonu
VOM UI 9520103p JUROPIUSIS ON » | Jo U WP €0°0 Yim wnifay Jo | _urut (Wp 9°[ :4H
urw G ‘1 10§ A[peroadse juounean ewseyd 10)ye 9H ‘°N DA SIA (D) SIA (") povi3uriny) vaaavy
[092] UONRUILIAZ "Xew pue paads UoneuruIaf ur asealou] ZHY L] el ewseld gga MO[[BW-I21) UIPILT JBIIBATRIA] :A[TWIER]
SYIuOW {7 I0J 9[qeIS 199JJH « uru g Iy “Ire AIp “upw /g ‘¢ Ire 1,
U000 ur (U
QOUBID[O} SUI[[IYD puB UONBUTULIAS 1$9) [[1YD JT[oqeIdw Ie 1y 1D AddL 10918 “Tea
‘uoneunuIag wirem saaordwr ‘pass jo uondiosqe Iorem uode 10y ddAY [ pue Ire 10§ 1 winpnsary wn1dKssoon
[99] asearour Apuesyusis Jre juounean ewsefd ur /7 o ddAY 8¢ yim oaem auls ZHY [ 18 g padeys-o[paoN 107100 QBIIBA[RIA AT
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

154

(ponunuod) 9 dlqey,



155

6 Agriculture and Food Processing Applications

(panunuoo)

S0¢-LL
M S omod Vg seding
pajussard uoneoynuenb ou ‘uoneuruIag pojeAd[q 1y D ‘TeA ‘eAeisnsQ eAeysjeAing IeA ] winAsan wnoyLLL
kd| juauiean ewse|d 10)Je pasea1dap A[SuUons YOM e (@OdV) 281eyosip mo[3 assaid oueydsouny 1B3YM 9BAORO{ ATTWE]
SE€TTILL
M 0S¥ 1omod
S ¢ pue 7 J0J 9SBAIOUI ‘S | J10J asead9p ISuQ| SuI[poag wyo 67 W0
uoneuIISg RICRIgY | 867D¥ IDSN TeA T vanps v2£10)
[z92] ‘Xew Jou paads uoneuruog ur oSueyod [[ews 0) ON ndur 6 Pue A 7€T OV 18 19l vwuse[q Q011 98RO A[Ie]
um [ LL
JuLuIRAIN) L | €0
ewise[d pjoo £q peaoxdwr aoudosazony [[Aydoioyo pue (9%12) O pue (%6L) °N D4 1 'ON
“a8ueyoxo sed onaypuhsoroyd ‘syuowrSid onoyIuAsoloyd e ZHY ¢ nox uelQ) ‘IeA ‘g Nox Suer] nyz Iea " pauvs v2iQ
[11¢l PaouByUd YIMOIS SUI[PISs pue UONRUILLIIS PSS « ‘AN O Ie J0je1oudsd ewseld [BULIOY)-UOU PAUYIP UON Q011 980RO A[IE]
juounean ewserd jo
Tenuajod orxojoudd pajeosar juounean ewserd ire s 09
10 s)[ea1q pue)s-2[qnop YN Ul 2SBAIUT JUBOYIUSIS S 00€ ‘08T ‘09 ‘0€ ‘0T ‘0T -LL
‘s 0z > SLL pue snq parjdde [[e 10J paAIasqo M 00p 1omod
d1oMm (J00I PUE 100YS JO JYSToM pue SPSUI]) YPmoIs (g—wo M 08~)
Surpeas uo juounean ewseld Jo $109530 aanisod WSS « SUIN[OA PUE (; WD A\ ¢—) QIBJINS :K)SUSP J0MO]
‘ewse[d s )z< 10J UONRUIULIOT wd ¢ D
Pasea1oap JueOYIUSIS Inq SASES PILy [[e YIIm TN 10 TQ e D Z)[RIN "AD "] 24DEINA WNIPIOF]
[£97] | 11 ewselds ([ Ioj uoneunuIdd uo $199JJ0 Sune[nwing « adgasoa Kopaeq ovaOROJ ATTIUR]
oner D:Q Yl
ur 9sea109p punojoid e 03 I s < J10J Jusunean ewse(d
pue ‘s ¢ > ST.I, Moys 10J AUO PIsLIdUI SPIds Uo[aul Jo
onel D:0 Ay ‘LI ewseyd oY) Suiseaour yim pasearour
A[renpeis onel D:Q ‘spads 1oddad :oner uawaly
uonIqiquur jo urar 09
18I AY) I0J SQOUAIRJJIP [[ewWS juduniean) s ()9 I0J NA\ o S 00¢—2C ‘LL ] 0]t STUNINY)
‘uofowr pue Joddad 10§ YDA\ UI 95810 wis | 140 UO[oW 98a08IIQINONY) A[TWIe,]
S 0(€ 1B 9SBAIOIP e 0 pue "1 wnnuup wndisdn)
Suoms ‘spremuo s )] WOIJ UO[OU 0] ‘SPIEMUO (zHY S = DVJ “eed-0)-yeod 1addod
[o111 s ¢ woiy spaas 1oddod 103 uoneuTUIAS UT 9SBAII(T o AN L°0Z e Qg 2wnjoA qeooeradiyg :A[rueq
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



= (panunuod)
° pade ApuedoyIudis jou sem AJATOR JUBpIXONUR
m AU} A[IYM ‘STBAII[ND AOLI XIS [[€ UL PaseaIoul Apueoyrusis
M [ouezA10-A JO pue g uture)ia jo ‘spunodwod sroudyd jo
as} JUAUOD [10) Y ‘UONLUTULIIT JaYJe [ 81 ISIY oY) UTYIIAN o
‘SIRAT)[ND 9011 UMOI] JOULINJ G JOJ PIAIISQO AI9M IMOIT
SuI[paas pue uoneuItLIdS Uo S99 dANIsod Je[ruIg «
syISuQ| SuI[peads pue uorneurLIdg
J10J SON[BA PISBAIOUI UI PAI[NSAI ‘SA)eT MO} S pue
1omod ewiseld paugapun je s 01 01 dn sown ainsodxy e
s1ajoweted ssewolq
pue uoneUILIAS Pads uo $199JJo AI0)IqIYUI UI PIJ[NSAT
sajer mop sed parjdde 1e pue g 00 Jo Jomod parddy
(U [W $,g—( JO Sa1el Moy seS pue A e Je euwserd
)M PAJBaI) SPAs J0J SANJBA "XBU YIIM SIJBI MO} se3
[[e pue M OL1> s1omod ewseld porfdde 1oy pasearour $ 00€ ‘00T ‘0ST ‘001 ‘SL “0S ‘ST :LL
a1om (ySudy Surppass pue YSud[ Joor) sejowrered M 00T ‘OLT ‘SET ‘001 -1omod
sSeworq SuI[pass pue 93eIua01ad uoneUILIAY) o (U [W 7 0T ‘8] U9IMIAQ 14D
juounean ewiseld I9)je saINJONNS IOYIO0WS puL 1y :Dg SIEADND XIS ] pAlDS D2K10)
[€L€] | 191J0s (Im SOIBJINS PSS PAPOID PA[LIAI SISA[eUE JNHS o 1Y £q ueALp d9d Q0L UMOIq 9BIORO :A[TUIE]
s3urfpaas pesodxo-ewserd s 08 PUe Ot ‘0T ‘01 :LL
ur $J0oys 12y31y pue s)001 19FUO[ PUB 1SUIJ « M 00¥ 1omod
UONIPUOD JWES 3 J& PaseaIdap sem A1anoe Hddd sed pagj se (Sururejuod
QMM ‘ss9001d uonRUIULIAS OU JOpUN pasearour AY3i[s 9%69°0 €O ‘wd] [°() Ire pajqqnq yPIm paxmu (wdj ¢) :JH (sS[[[NY AXeM-UOU) [BSSILS “TRA pUE
sem AofIeq [eyooeg pajean-ewseld Jo JUANUOD YIVD o are TN 10 | (K9[req SSO[-[[nY AXem) [BUIORS “TeA "] 24DSINA WNIPIOF]
[9s2] paseaour sem Aapreq pajean-ewseld Jo IMOID) o aga Kapreq ovaoro ATIue]
Kdoasonoads uonoafooloyd Aer-x £q pajosjop
Suraq sdnoi3 reuonouny oriydoIpAy ur aseaIou]
uoniqrqut
JO 4 T 191J8 PaseaIoul A[91BIopoW Sem spads AQ AN o
9[SUL JoBIUOD JBM DY) UL 3SBAIOA( o S 0901 :LL SOWISOY “TBA T 24DSNA WNAPLOE]
uoneuruIag Jo Y g 19)Je JO uoneuruIas paseaIour ¢—Wd MW GG :ANSUOP Jomod Kapreq
s sT,T ewseld 110ys oy 01 puodsar spass Adjreq e wys ¢ ;0 Qeadro ] ATTwe]
‘S (09 01 (0] WIOIJ PAJLAI) SPIIS JBAYM 0] UOTIRUTULIOT Iy :0q SNIN[ TeA "] WNALSID WNINLL],
[8¢] JO U £ 1918 POOURYUD SEM UONRUILLIOS dAnE[NWN)) agq swnjop JeOUM QBIIBOJ ATIUIR]
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

156

(ponunuod) 9 dlqey,



157

6 Agriculture and Food Processing Applications

(panunuoo)
K3ojoydiow pue Kworeur
1001 )05 Appueoyrudis jou seop Ing (uononpoid Jysrom
K1p pue ysa1j ‘p3ua)) sjoor Arewrid jo yamois pue
UONRUIULIOT PAJI9JJe SPIas 9ZIBW JO JUSUEDI) USR] «
pasearour Sug|
100Ys pue 9571 £q YISUS] J00I pje[nWns S 09 JO LI, «
uoneuruIdgd jo ssof Aedwod Apreau s )0¢ PV o
S Of¢ Jo own asodxa
) Je POAISSQO SeM UOTBUTULIOS UT UOTIONPAI 10)edln) o
Jonuod 2y 0) uostredwiod ur s Og1 pue 09 Jo 1,1, Jé punoj
uoneuruIdg jo sedueyd Jo asuodsar JuedoyruSis oN e
s3urpaos jo siojowrered yymoid
Q) UO $199JJ0 [e1oYAUq PeY (S 09 INOqe) T JOLOoYS «
sordwres [onuod uey)
IaJeMm Q10U PAGIOSqE S ()¢ PUE (9 0§ parean-ewseld S 00€ ‘0¥T ‘081 ‘0TI ‘09 ‘0€ ST “LL
sodureg “Imnoy JsIy o) IA)Je A[qISIA SEM IUAIJIP ¢—Wd A (8 :KNSUSP 10M0d
JueOYTUSTS ISOW Y} SPAAS PaIeaI) S ()OE PUB 09 JOJ A\ o 1e :0q
s1ojowered IMoIS Jo JudWRdURYUD UR M 00
ur pue (A 1033eq € ul Sun[nsar ‘A)[Iqeom Ul ASeaIou] o Jo 1omod ndur “yead-oj-yead AY g 03 dn opmyrjdure OIUIP[RUOY "AD T SADUL D7
[os¢l 9SBAIOAP FUONS YIM o ue ym a3e)joa ysiy [eprosnuis zHY 1 18 d9S0d 9ZTeuw 98a0R0 AJIWR]
SPIEMUO S ()¢ WLIOJ UOTIONPAI JUBOYTUSIS [ DM o S 00€ PUB 08T ‘0T ‘06 ‘09 ‘0€ ‘LL
uonIqrquIt ur AFUEYd ON ndur pp 00F :1emod
saxapur uononpoid pue ‘Yimois ‘uoneururod (U € 240
Ay uo 1oedw 9ANESAU = § ()< JUSUIIRAN PITUO[0I] ae ‘TN ‘O :Ddg omuIp[euoy ‘Ad “ sAvut 87
[s11] S 09/0€ 10J uoneuruLd3 ur 93uLYd ON o adgsoa 9zrewr 9eaor0  A[Iue
P)O3JFe APUSIJIP 2IOM SPIds pajean-euse[d
Jo s3uIpads ur OHA PUE JOS ‘XOd-D ‘LVO »
JySrom
I0MO] pue syISua[ JOOI IAIOYS IIM [ImoIS Sur[paes
uo 51090 A10)1qIyut pey juounean ewserd s Oz o S 0ZI Pue 09 :LL
yS1om AIp pue ysaij ¢—WOM 00T Tomog
1001 ‘YISUI[ 1001 UT SLAIIUT 9 ()[ < PIMOYS JUSUILAT) Ime i ] skvui vd7
[or1] ewse[d s )9 woij paurelqo s3uI[pass po Aep-9 « adasoa qzrewr 9vaor0d A[Iue
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



H. Brust et al.

158

(panunuod)
L uru (g 10j UoneuruLog
ur uonONPaAI INg ‘11, UIW G JOJ UONBUIULIOS U0 J99JJ0 ON « uru (g pue g :LL
QPO JUSWIIEAL) 1OIIPUI 10J JoU INq ‘ST.T, Ime i ] WNALSID WNONLLL
[681] | woq pue ewsed 10911p 10J paonpar A[Suons sem YIM o ZHY 0S Pue AY 08 e ddd JeOUM QBIJBOJ ATIWIR]
S[oA9] Je3ns 9[qnjos pue aurfoid ur 9seaIdu] o
IMOI3 JOOYS PUB J00I PISBAIOU] o gy - 1 LL
pasearour M ST :Jomod
QwAzua jueprxonue jo AJanoe ‘I 1, ewse[d ur 104 o wis §'1 14D
P31BIS[AI0R YIMOID) o RICRIgY | TT URKORLY "AD ] WNAISID WNIWLL],
l6L1] PAIBIS[AOI. UONRUIULIOT JO QWI], o agq reuejq 1BaYM 9BAIBOJ AT
S 0€ ‘01 € \LL
Jo0eW AIp ‘YISUS] JOOI PUB JEI[ UO J03JJO ON o Ie :0q "] WNANSID WNILL]
[1911] SLL [[& 10J UOTRUIULIOS PARAJ[H A 8 18 93eI[0A ZHY €8 pue ZH (0] I8 Paq-payoed 1B3YM 98O0 A[TWE]
ur LT
AN 01T e juaunean add wys ¢ 1 D
I10)Je pasearour sSUI[Pads Jeaym ) Jo YISUI[ J00ys pue Ie i T UeKORIY "AD T WNALSID UNINLL],
[1o1] ‘p3ua 1001 ‘[enuajod uoneuIISS Q)R UONBUIULIAL) o AX L1-6 ‘ZH 0S 1 add feued 1B3YM JBAJROJ AT
Ayanoe awAzud 1y pue qOd ‘dOS Ul 9seaIdu]
$SO.1S JYINOIP JOpuN SPILs Ul JUAJUOD V(A UI 9sLaI( o
SUONIPuOd
1ySnoIp 03 pasodxa STUI[Paas UT pue SUOTIIPUOD Iojem
[euLIOU Ul S[9A9] Je3ns 9[qn[os pue duljoid pasearou] e U 4 11,1,
Pasealour os[e SFUI[Paas ws ¢'1 D
Jeaym 9y} Jo 3us] Jooys pue ISUI[ 1001 AY) pue Ie :0 ] WNALISID WNOLLL]
[66] | ‘posearour ajer uoneurwiag pue [enuajod UOHRUIIAD) o ZH 0S ‘AN 0°€1 e ddd Teueld 183YM 9BAJRO{ A[TWE]
ONeI-)JO0YS-]J00I PIsSeAIOU] o
s3uI[paas p[o sAep § Jo (51001 Jo JyStom AIp ‘syiSud| utw Gy :LL
jooys pue sjool) srajewrered ymoIs uo joedwr aanisod M LT :1emod
[enueIsqns © (1Y )l UOTIBUTILIOT d) UO 109130 NI (U T 1D
PIRIA[OI. APUBOYIUSIS (A o Ime i ] WINALISID WNONLLL
[12] 9SBAIOIP SUONS IYDIM o agd 2oeyng JeOUM QBIIBOJ ATIUIR]
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



159

6 Agriculture and Food Processing Applications

(panunuod)
1091J9
Suryoye aaneprxo pasunouoid e 03 anp dreourad oy jJo
s10Ae] Jsouwrrono oy pagewrep sornsodxa ewse(d SuoT o
uonIqIquIt JO 1 1811 oy} 10§ AI[Iqe[IeAR
Iojem MO[ Jopun juourjean) ewse[d 19)Je PojeIa[aode N o
S 007 > LI e Suonipuod A)1oress-1orem
Iopun A[e10adss ‘UONBUIULIOS PIds AJRIS[I0R pur
A 22UBYUD 0] UMOYS d1om samsodxd ewseld 1I0ys « S 00601 :LL
90BJINS 1Y) UO SANI[BUONOUNJ SUIUIRIUOD USSAXO JO M 0€ :1omod
UONIASUI ) 0) NP SPaas pAjean-ewse[d Jo Afiqenom s G 140
Paoueyuo A[qeSIRUIAI B PI[BIAR] SISATRUER 90BJING o 9H D4 ] WNALSID WNOYLL]
[ozel VOM Ul asealdnq e« AX 0T pue ZHY 91 18 ddd Teueld 1EaYM 9BAIRO :AJIUIE]
jusunean ewserd
€ 191J® 10U INq PISLAIOUI Sem ISUS[ JOOI PUB J00YS «
sjuounean ewse[d Iy pue TN ‘Ire 9y} Jo ur 4
19938 £q pasearoul Apuedsyrusis [enusjod UONBUIULLIDL) « un 1,1,
Paos Jeaym oy Jo Ajiqeauniad pue K101doosoiSAy oy wis §'1 14D
PAID3JFE YOIYM ‘Spads pajean-ewseld Iy pue TN ‘e 10§ TN OV ‘@ ‘TQ 1D ] WNALSID WNOYLLL,
[L0Z] | 1200 Paas oy uo $109)J2 SuIyold PI[LIAAI SISA[RUR NHS o ZH 0S PU® AY €1 e add JeIYM 9BIOROJ A[TUE]
moi3 Jo sAep (] 19)je JyS1om
AIp pue ysa1j ‘qiSua[ 1001 JOOYS UL ISBIIOUI JUBOYIUSIS o urw 0] ‘g ‘9 ‘v ‘7 :LL
UONRUIULIDST “XBW UI 9SBAIOUT JUBOYIUSIS o U T D
SuIyeos Jo Y g1 108 A\ Ul QOUSIIYIP ON o IN DA ] WNALSID WNOYLL],
[z61] Jusunean ewse[d 19)Je A\ PAIBAS[S [ T IOV o AY 97 18 19( ewseq 1eIYM BAOROJ A[TUER]
S 081 ‘09 NM
PAILAS[S JuBOYIUSIS :93esn 210J9q Y g SW UONUAIY e
Jusunean ewseld 10911pur
PUE 10211 10q 10] A\ UI 9SBAIOUT JUBOYIUSIS ON o
SIUAUOD YA PUB ‘SR ‘SALNIU SB
[[om se ‘Kyproe o[qejent [e30) pue Hd pass ut souey))
mois Surpass
U0 $109JJ2 2ANTS0d PamMOYs PUE el UOTIRUTIIDT S 08T 10 ‘09 ‘0¢ :LL
paouequd APUBOYIUSIS S )9—()E JO SIUSWIRAL]L, o Ime i ] WNALSID WNOLL]
[0611 Paonpar A[3uons sem YOM e ZHY 0S PUB AY 08 72 add 1BAYM 9BIIRO( :A[IWER]
SOoURIRJOY $100JJ9 PAAIASqQ s1ourered ewse[q soads Jueq

(ponunuod) 9 dlqey,



H. Brust et al.

160

(panunuoo)
SaA®9[ Jo 1oquinu pue Adoued PILIIPUT SWI) JUSWIRAT) OU 11,
pue s3uI[pads Jo SYISUI[ I0J SOUAIIJIP JUBOYIUSIS ON o M 19°0-T+0 :1omog
(S$)[ooMm T I9YJe) UoneUIULIOZ Xew ul 93ueyd ON o wys € 0
Yoom [ 10)je s1ojowrered jusunearn 1y :0q Joyzadng, “Iea T wmnuup wnoisdp)
[1¥¢] | ewserd 1e 103 paods uoneuIuLIS UT 2SBAIOUT JUBRIYIUTIS o ZHY S 18 1ol ewuse[q 1oddod seooruelog :ATwe]
)M013 JUI[PAds pue UOHBUIULIAF PAAS UO $109JJ2
aAnedou Apuedyrudis pey s Og pue (L Jo SLL ewse[d e
Spads pajean-ewseld
S Of PUB (O J0J POAISSQO dIoMm STUI[PAIS P[O SAep O
Jo 10314 pue JyS1om AIp U0 $109339 2anisod JuedsyIusig « S 0801 :LL
S 0t—0 Jo SLL 103 1oySiy Apueoyusis ¢~ M 001-0L :K)1suop 1omog
sem uoneuruIag 19)je skep ()] 25ejuddiod uoneUIIAN) ae 0 BAY "AD T WINANSID WNJNLL]
[6L£] LI SuIseaIour yim 9seaIoul o) papual APY3Is N yead 01 yyead AY 07 18 pue zHY 1 e ddd JeIYM 980ROJ ATTR
LL S 0S<S1om AIp ‘YiSud[ 1001 pAjeAI[Y o
S ()S< 10J OWIT) UOT)EUTULIOS UBSW PIJBAJ[Q JUBOYIUSIS o
Juounean ewserd
S 7 10} QW) UONBUIULIOT UBOW UI 9SBAIOIP JUBOYIUTIS o
VOM UI 958109 o S 00€-ST :LL
5 < r M O :1omod
1Sua] 100ys 001 UI AFUBYD ON » I .
sjuowjean ewseyd = 1.—1“ Mw
[[® 103 SWIT) UOTJBUTULIOS UBAW UT 9SBAIOAP JUBOYIUSIS o A 0T PUB ZHIN 9S°€T 18 191 T4
PaseaIdul SPads Jeaym Aq uoniqiquur 1arem jo AINIqQy e SOT ‘S ‘7 LL
VOM Jo uononpar M 0€ 1omog
pue 2oejIns paas 2y Jo Ao ydoIpAy Jo Juowoueyuy o Ime i ] WINALISD WNONLLL
[Lve] et:(el AN OT pue ZHY ¢'¢g e add LENIENELEREY RN LS |
urr og 01 € {LL
M 0I-1 :1omog
wis ¢ :AD
Spaas pajean ewseld 1y QH/IV DA ] WINALISID WNONLLL
[ovT] |  10J VDA 1OMO] B pUB UONEIS[OI08 UOTIBUIULIOS 19)Se,] o ZH 01 e add [erxeod JeOUM QBIIBOJ ATIUIR]
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



161

6 Agriculture and Food Processing Applications

(panunuod)

s1ajowered juounean ewserd

pardde [[e 10} poseaIour O JOOYS-03-J00I A[IYM

Spaas pajean-ewiseld urw ¢ pue AY £ 10§ pasealour
A[uo 21om SIUI[Pa3s plo sAep g1 Jo syiSu?] jooys
IMoI3 Jo skep (g 01

dn pazojruowr S3UIPas Jo seyouelq IYSTY YPIm ySuo|
1001 Joy31y pue (JyStom AIp pue ysa1j) siojouwrered
SSBUWIOIQ PASLIOUT ‘UOTJRUTULIAZ 19)SB] UT PRj[nsal

(Urur g pue AN L] ‘U / PUB GT ‘U €] pue AY €T)
SLL pue soSejjoa parjdde juarayyip je sjuouwean ewsed
[[E ‘pAloagjeun a1om Spass pajean}-ewse[d uru i woiy
s3ur[paas a[ym JyS1om A1p juerd 1oysy pue syiSusp
j00ys pue j001 1yS1y Apuedyrusis pakedsip spaos
pajean-ewseld unw ¢ pue ¢ woij s3uIpass pjo s ep ¢
M EVTPUC AN LT

Je (ur G ‘o€ “S) SLL ewserd pardde [[e 105 1oySiy sem

U ¢y ‘0€ ‘€1 L °S NLL
M €F'T-66°0 omod
wys ¢1 :AD

Ie :0q

14 2[1°g PHAAY [[IA Wniuapnosa uodisiadodry

[961] uoneuruiaf jo sAep ¢ 10)Je 25eIuao1od UONBUIULIAN) « ZH 0S Pue AY L1-€1 I8 add [e1xeo) 0JBWO) 9BOLUR[OS A[IWE]
sSUIPaas P[O SABP G¢ UI pUNOJ AI9M S)00I pue
SOAEQ[ UI SJUIUO0D d1jouayd paseaIour pue SanIANOE Tyd
pue Od Ul aseaIoul juedyrugis e ‘sT,J, ewseld y1oq 10
(Juauod
proudjored pue [[AydoIoqyo) siorourered [eonusyd01q
pue (eare jed[ (210} ‘WyS1om ysa1y juerd) siojowered
SSBUWIOIQ paseaIoul Juedyrusis 1nq y3ifs pakerdsip S 0ZI PUe 09 :LL
spaas pajean-ewseld s (g1 Jo suefd p[o sAep G¢ 7—Wo M $8°0 :AIISUSP JomOg
UONBAIISQO [BNSIA 0) SUIPIOOIR 1y :0q 1 wnnuup wndisdn)
[sz1] I91[IBD AJBUIOT 0] PAWAIS SPAIS PAILAN-BWSE[] ZHY €7 PU® AY 1178 ddd 1oddad oeaorur|0g ATTUIR]
souourIoy Jo 9ouasaid ay) Jo/pue awir)
amsodxa ewsed ayy uo juspuadop Aurew a1om pue
PaLIMO0 (WA)SAS Ie[noseA ay) ul A[[eroadsa) suroned
QNSST) UT SOOUDIIYIP PUB ISJOWRIP WA)S UI SUONBIAY o
SSBWOIq [210) S 0TI PUe 09 :LL
Q) paonpar 2duay pue yImoisd parreduwr Apuedoyrusis - M 80 :K)1suop 1omog
*199JJ9 9SIOAPE UB pey Ul 7 JO JUSUIBAI) BWSE[] wys 7— 14D
BAIE JJ[ [10) SE [[oM SB SIZUS] 1001 pue J00YS ) Iy :0q 1 wnnuup wndisdp))
[887] | U0 109350 Suraoxdwir ue pey ulw | Jo JUSUNEAN) BWSL[ o A 118 qdq reueid 1oddad oeaoeur|og :Afue
S90UIRJOY S1091J PAAIISqQ s1ojowrered ewse[q saroads jue[q

(ponunuod) 9 dlqey,



H. Brust et al.

162

Kdoosonoads uonosreojoyd Aer-x—SdX oyerdn 10jem—n A\ (A10LIBA—TRA O[SUR JORIUOD 1)EM—VY DM

sowm jusunean—L,1, ‘esenwsip aprxoradns—gQs Adoosonoads Ae1-x aarsiadsip A31ous-adodsordrw uonode Juruueds—y H-JANES ‘So10ads uagAxo aanoear-gOy aseprxo jouaydLjod—odd
aseprxorod—qQOd feseA] eruowwe suruee[Ausyd—ryd :OpIxoduIz—Quzu opAyspeipuoe—yqIAl :(QUIdA[S-[AutasKo-[Awen(s-A) suonpen[S—HSO fosejonpal suolyieinjS—yo el
mop seS—J0 ‘proe oukinqoure-A—ygyo LV UI[e10qqIS—/ YO gV UI[[21eqqIS—¢ D ‘ulf[a10qqis—yo sed peaj—n) ‘[AzeipAyL1oid-|-1Auaydip-ziz—Hddd ‘9SIeyosip 1oLueq aoejins
Teue[dod asnjJIp—ggSOd 98IBYdSIp JaLLRq JLNOJRIP—A g (IRAD[NO—AD 9se[RIRd—VD) ‘asepixolad 9)eqioose—yX JV 231eyosip mo[3 aissaid ouaydsoune—gndy :proe dIs1osqe—y gy

[612]

suonipuod A[ddns 1ojem [[e 1opun parredur

sem spass pajean-ewsseld s (OO¢ JO UOBUIULION

A1ddns 191eM MO[ JO SUONIPUOD JOPUN UOT)RUTULIDT

191399 pakerdsip s (¢ pue (] 10 ewserd yim

Parean spass [y ‘suonipuod A[ddns 1orem juaroyyns

J9pun UONEBAIdSqO [ 7 9y} SULINP JOMO[ SEM SPIIS

pajean-ewseld Jo UOBUIIAN) pue Paads UONBUIULIAN) «
spaas pajean-ewseld s (] 1oy paSueyoun

sem pue I, § 00€ Pue (¢ 10J PAILIS[OJ0L SeM M o

Spaas pajean-ewse[d s ()¢ 10J pIAIasqo

S PaseaIdop AJueoyIugIs sem 90vJINS Pass A JO VIM

amsodxo ewserd

Sump sormerodwo) SUISLI pue 19)em JO SSO[ 03 dnp ST,

ewised SurseaIour yim paseaIour Spads Jo ssof JYSTop

amsodxa ewse[d Surmnp 1802 pads Ay} Woij Sso[

19Jem 0] pAINgLNIe Sem Spads pajean ewseld ur Aysuajur

pueq HO Ul 95ea109p © pue uonisodwods [esruayd ur

93ueyd OU PI[BIARI 10D PIIS A JO SISA[eue Y IV-YLLA

s11 ewseld [[e 10J uoqIes Jo

QSBAIOAP QATB[AI B PUR SJUSWAS 3] pue N ‘O JO asearour

QAIIR[I B PI[BIAI SJX AQ 180D PIas JO SISATeuy

Juounean ewseld s 00¢ 1oiye A3ojoydiow

Q0BJINS Pads Ul SASuLRYD Ou pI[eadl sisA[eue INHS

$00€— ‘021 ‘0€ 01 *LL
M 0€ :1omod

[ERCL NS RN 9]

Kyunduwr are yim oY D
ZHY 91 pue AY 0T e ddd

1 snfow wnjoavdod ]
wnnInseu oeadejodedol], :A[Tureq

FERIENETEN

$)991J0 PAAIASQO

s1ojowrered ewse[q

saroads jue[q

(ponunuod) 9 dlqey,



163

6 Agriculture and Food Processing Applications

(panunuod)

spaas parean ewsed A\ OS

103 pasearour Apueoyrudis sSUIpaas Jo yISua| 100y
$Paas pajeanun o) Je[ruis adueuLiojrad uoneuruIag
ur pajnsal jusunean ewse[d A 00T S[Iym

Xopur uoneuTwIdg posoidwir pue owr UOHEUTISS unu g L
sAep £ 10J Son[eA UOTBUIULIAS dANB[NWIND JAYS1Y M 001 ‘08 ‘0S :Tomod (1) 1un wnueiads yona
Apueoyrugis ur pajnsal juaunear) ewse[d p\ 0 o Ie (0 uremly
M 0S e ed1:d ondeidg
[z6] | Qinsodxo ewseld 1916 paseaIdop APUBOYIUSIS YOM o ZHIN 9S°€1 8 Iy Jeooeldy :A[weq
S S¥'0 \LL
M 00F -Tomod
QuIT) UOTBAISSAO JO SABp [T Ie :0q unzyznorag “Jea
pue / 1)y 98ejuao1ad UONLUIULINT PaseaIdUl IM ed 07-01 :d 1 P2p.2]0 DP1OVPUIdS
[o1€] | sores uoneuTwIdF 1OYSIY UT PAI[NSAT JUSUIILI) BUWISL[] o ewse[d ore poznoue|y yoeulds seodeyjueIRWY (A[TWE]
UuonBUIULIOS UMOP
PAMO[S JUAUIILAN S O] Q[IYM UONRUIULINT U0 1991J9
Sune[nuns 1SowW Ut pansar s O Jo LI ISIUOYS e S 08T ‘09 ‘0€ 0T “LL
L1 1s23u0[ 10§ 20eIns M ST :Jomod
Po9s Jo oSewrep pue Suryold po[eoAdl soSewl NHS e are K1p 10 SB[V “IeA PI[IA ‘Poumnb wnipodouay)
pAeID[R29E APYSIS NM » ‘requi 170 :d eoung)
[96] | 9% N pue 9 O Ul 9SBAIUI PUE 9 D) UI ISBAIIAP :SJX » ZHIN 96°€1 18 1Y QeadeyIUBIRWY (AIWE]
s O] ueyy 1o3uof sown
JusUIIEaI) [[E 10J uoneuruIdd pasoidwr Jueoyrusis « S 006 Pue 081 ‘09 ‘0€ ‘01 :LL
LI 1s98u0[ 10J 9oejIns M 9 Jomod
Pa9ds Jo aSewep pue uIyold PI[LaAdl saFewl NS are K1p 1D SB[V “IeA PI[IN ‘Poumnb wnipodouay)
PpareIa[adoe APYSIS NM o Iequi 00S :d eourng)
[96] | ‘% N pPue 9 O Ul 9SBAIDUI PUE 9 D) UI ISLAIIAP :SJX » AN T8 pue zHY [ ¥ qdd QeddRYIURIRWY A[IWE]
urr 8%-9 {LL
M 001 :Tomod
11, ewserd 1sa3uof IN/Y Pue 2O/1y 04
I9)J€ UQAQ WT) UOTJRUTIIOS WNIPIW 10 AJI[IqRIA Iequi () :d 33e wngp wnmipodouay)
[v0¢€l P39S Ul SATUBYD OU P[BIAII S)$3) UONRUTULIID) o Q3IRYDSIP ARMOIOIA s10)1enb s quue| orodRYURIRULY (A[IWUR]
SQOURIAJOY $109JJ0 PaAIasqQ s10)owrered ewse[q soroads Jue[q

spaos jueld uo ewseld amssaid-mo[ Jo S1091g  S°9 d[qeL



H. Brust et al.

164

(panunuood)
paseaIoul
Apueoyrusis joenxe Jes] A11anoe SurSuoAeds [eorper
se [[oM se spIoe drjoudyd pue D UMUEBIIA JO JUAUOD) o c—WO M €0 :AISUSP JoMOd LL
JyS1om 1001 pUE ‘IdqUINU Jes| ¢—Wd A €70 :ANSUap Tomog
9yStey jued paseaIour ur pa)Nsal JUSWIEI) BWSE[] e e :0q
93ejuoorod uoneuruidg [euy ur d3ueyd ed 09 :d YOudo () raand.ind
[012] | noyim uonBUIULIAS IA)SB) UI PANSAI SJUSUNLA [ o ZHIN 8T S I | »2ovunyorg omopauod oidind oeooeroisy :A[mueg
Juounearn ewseld urw g|
QU) J19)Je paseaIdul APYSI[S SaNIANOE VD pue qOd e
ySrom K1p
JOOYS pue 3001 JUBIYIUSIS 03 PI[ L UIW G[ PUB O o
SLL [[e 10} pajoojje
A1eantsod (3Suaf Jooys pue 1001) YImois Jurposs
pue (xopur J031A ‘9)er) s1ojowered UONRUIULIID) o
PoIRIS[OdoE APJUBOYIUSIS M
Juounean vwserd urw G101 ‘¢ ALL
urw G| Joyye paadiyoe sem Ajiqenam 23o1dwoo M 0T :Jomod
puUE ILI, UIW ¢ IO}JE USAD PAonpal A[[BOIISBIP VOM IN D4
LI UIW ¢ I9)J& UAQ SA[0Y ed 81 :d "] Snuk]oos “TeA Snukjoos pavus)
[611] PUE SYOBID JO AOUILINOI0 PI[BIARI SISA[RUR JNHS o ZHIN 96°€1 18 1Y D[OYDIIL JBIIBIASY K[
SOUIT) UONRUTULIOT UBW PUE SINJRA
0S 1, 1oyS1y ur pay[nsal sjuounean; ewsed 1OYI0 [V o
(uoneuruLIadg JO AUIT) 95()G ‘OUIT) UOTRUIULIOT
ueowr ‘A)piqeurunes) siojowered uoneuruog ur ¢ ‘61 ‘1 :LL
Pa3s uo 199139 2ANE3oU 0) pf ewise[d uaSAXQ e M 0S :1omod
onfea 05, (%08/%07) ImXIW TN/CQ pue IN 0 :Dd
PoonpaI YIim AI[Iqeuruidg uo s)09539 aanisod pey aogw 008 :d 1 snyjofunov sn3papdsy
[881] | ewserd ¢N uru g pue ewserd TN pue IN/CQ UIUWL | o ZHIN 9S°€T 18 14 sn3eredse pyim oeodeSeredsy :A[rwre
SQOURIAJOY $109JJ0 PAIasqQ s1ojouwrered ewse[q soroads Jue[q

(ponunuod) g9 d[qe,



165

6 Agriculture and Food Processing Applications

(panunuood)
ur 06-01 “LL
PAIBID[OOE APUBdYIUSIS Sem UoneUILINg M 0S 1omod
pue sonea 1saySIy ay) pake[dsip Jusunean uru 07 . e :0q
uoneuruIas jo sAep ¢ ed Ot :d "1 snanps snupydpy
[601] PAAIaSqo SYISUQ] SuI[pads paseaIdur 0} Po[ SLL IV o ZHIN 9S°€T 18 14 YSIpeI 9va0edIsserg A[IWe,]
uone[n3ar
pue wsIjoqeIau pAje|al sisayiuksojoyd uo jusunean
ewsed Jo $109JJ0 WLIS)-SUO] PO[LIAdI STUIPISS
PIO s)[9am 7 woij ejep uoissaidxo urajoid Jea
S LI JUSIaJJIp 10 paroxdur Jou a1om Suimos
10)Je SY2IM 7 sSUI[paas Jo (JYS1om Jed] ‘sjooys
pue s3001 Jo JySrom pue syi3ud]) sioyowered sseworg e
PaAILsSqo 3q
PINOS SPaas pajean ewse[d UTW G UI ISLAIIAP B puR
Spads pajean ewse[d Ul g Ul ygy JO 9SLAIUI UY o
paSueyoun A1oMm S[AAJ] VY [IUM VY]
UI S[AS] PISEAIOUT PRy SPaos pajean) ewse[d Ul / o
S[eAd] £V ToySTy
Ppakedsip sKep { 10J pa10}s SPAds PaJeAn) BUWISB[] » urw / ‘6 ‘g LL
PaAIdSqo WD M GE°0 KISUap Jomod
9q P[Nod s 1,1, Sursearour yim (W) UoneuIuLIds e :0q
uerpaw ‘0gejuadiad uoneutwIog [euy) SONSLIvIORIRYD ed 00T :d ‘D
[602] uoneuruIag Jo saSueyd Ul puadn JUedYIuSIS ON « ZHIN 8T'S e Y | SMnuup snyjupijaff IMOPUNS 9LAOLIASY A[IUIR]
ur Ogt pue O¢ <LL
urw ()¢ 10j d 9] Je puR Ul ()¢ J0J A\ (7 I8 Juaunean M 0T :1omod
ewse[d 10J SAep ()] 193Je )Ll UOIBUIULIST PISBAIOU] o 1y D4
wnyIy BJ 9] pue Q[ :d 1 WNLLOIUL] SNUDYIIDY)
[69] | 2y Je uoneOYIpOW dJeLINS PAAR[dSIp SISA[eUR NS o ZHIN 96°€1 18 14 I0MOpJeS 9BAJBINSY A[IWe]
SQOURIAJOY $109JJ0 PAIasqQ s1ojouwrered ewse[q soroads Jue[q

(ponunuod) g9 d[qe,



H. Brust et al.

166

(panunuoo)

PASEAIOAP UM SIUANUOD Y(IA [IYM ‘SSUI[paos

ur pasearour Apuedyiudis a1om (qOS ‘LvD)
SOWIAZUQ JUBPIXOTIUE JO AJIATIOR PUR SJUJUOD TeTns
a[qnjos pue uroid ‘SUONIPUOd $sA1S WYINOIp Ipun
(ssans-uou pue ssaxs JYSnoIp) SUONIPUOD UOHBATI[ND
[)0q J0J paseardur APuedyrugis a1om sSuI[pads

pIo sAep £ Jo (Ioquunu J001 [eId)e] pue s)ySrom

KI1p ‘syp3ua 1001 pue Jo0ys) siojouwrered sseworg
PA)92JJeUN 2IOM UOTBUTULIAS URIPAUI PUB UONRUIULIDT
wnwixew a[iym pasoiduwr o1om (xopur J031A

Pu® UONRUTULIIT ‘Q)el ‘Quil) UoneuIuLIdg) s1ajowered
UONEBUIULIAF ‘SUONIPUOI SSAIS JYSNoIp Jopun)

spads Jo amsodxo

SCILL

M 001 1omod
9H :Dd

B4 0ST :d

11pue £ Suenys3uoyy ‘Ad
1 sndvu vo1ssvag

[8L11 ewse[d 10)Je pasea1odp APuedyIuSIs sem YOM o ZHIN 9S°€1 18 Iy podsader oeaoedrsserq A[Iue.]
UONBUIULIOF PIDS JOJ PIAIISQO IOM $1IJJI ON »
urw ()¢ J0J SpPads Jo JuduIean
ewsed TN 103je 3moIS SUIPads UO $)99)J2 ON
sAep £ 19)Je paIojuoul Spads
parean) ewseld 2O Jo Yimoi3 SUI[pass PAIBIS[AIDY
Juounean ewserd 2o u 0z ‘06 ‘09 ‘0€ ‘LL
I9}Je SUOTJEOYIPOW [BdTAYD OU PAKe[dSIP Y LV-YLL] M 06 :1omod
Spaas pajean) ewserd TN pue ¢Q :D4
T 10 QW) JUSUIEAT) UIW ()7 ] I9)JB UAD S2INONI)s ed 001 :d "] snayps snuvydvy
[8S1] Q0BJINS JO UONEINE OU PI[BAAAI SISA[eue NHS o ZHIN 9S°€1 18 1Y ySIpes deaoedlsselq (e,
paSueyoun
Q19m spaas pajean ewse[d ed (g woij YSud] Sulpads urw ()9 ‘0¢ ‘ST S \LL
A[IYM ‘[[om s SYISuQ SUI[paas YsIpel Pasearoul M 09 :Tomod
ur pajnsal ed (g 10 Of Je Juswean ewse[d Ul (¢ o 2O pue 1y :04
ed 08 ed 08 ‘0¥ ‘0T d 1 snayvs snupydpy
[c€z] | 1e SLL ITe 10J pasearour a1om syISua] Sul[pads ysipey » ZHIN 96°€1 18 14 USIpeI 9Ba0RIISseIq (AJIwe]
SQOURIAJOY $109JJ0 PAIasqQ s1ojouwrered ewse[q soroads Jue[q

(ponunuod) g9 d[qe,



167

6 Agriculture and Food Processing Applications

(panunuood)

s1ojowered ploy pue UONBUTWLIIS PaIpn)s

10§ $I[NSa1153q Ul pay[nsal judunean ewse[d p 001
SIYS1aM paas 000 pue

juerd 1od szoquinu pod 1oyS1y yim sjuefd ur poynsax
spaas pajean; ewseld Jey) pamoys sjuswLiadxa plorg
sSuI[pass 10J YSuo[ 1001 pasearour Aq paruedwodsde

51001 10§ Juaurwold a1owr JYS1om AIp pasealou] SGILL
s1omod parjdde [e 10y peaoxdur (10S1A M 0ZT ‘00T ‘08 ‘09 :1omog
X3pul ‘d)el UONBUIULIOT) SONSLINIBILYD UONBUIULIID) 9H 04 6 SuenysSuoyz ‘Ad
juounyear) ewseld 1)y pajeIo[eode AuedyIusis (A e ed 0ST :d ] sndpu po1ssvag
[9L11 1omod pordde Sursearour yiim paseaIddp YOM o ZHIN 9S°€T 18 14 paasader oeaoeorsselq :A[rue]
SCI:LL
1V :Dd
q 8y Tequi 00¢ :d ] sndvu voisspag
[L62] | pue $7 19158 paatesqo oSejuadrad uoneunuosd OYSTH « ddAY 2§ pue zHY LG e dd paosader oeaoeorsserq A[rure
SPads pajean
ewse[d jo sSuIpaes ur pajoaJJe Jou SJ00ys Ul AJIANOR
XdV pue $100ys pue sj00l Ul SaNIANOe [V Pue dOS o
SJ001 U [9A9] VNJW pue A)IAnoe
XdV 12431y SnOpuawan pue sjooys Ul S)u)uod
urdjoxd pue [[Aydoloyo Joysiy Jueoyrusis payqryxd
spoas pajean ewse[d Oy woy SSUIpads o
SSUI[Paas JO $J00I PUE SJO0YS IO SPASS
Suneuruieg ur pa3a2lep JUAUOd TQTH Ul SATUBYD ON o
paIoyfeun sj001 Jo s1owered sseworq o
SPads pajean
ewse[d Jo s3ur[pass p[o sAep ¢ ur 1y3Iy Apueoyrusis
Q10M SYISUI] JOOYS PUB PAsLaIoul sIYSIom AIp JooyS
paIejeUn S 06 :LL
sem A)IATIOR XV 9[IYMm ‘Spaas pajean ewsed M 0f :1omod
AIy/1y 10} pajels[adde VD Pue JOS JO SINIANOY » (%0 1V “%09
SPI9s FuNeUIULIOT Ul A)ANOE V) VIV PUB (%01 120 ‘%09 “11V) COMTY 04
ase[Awre-0 1oySIy y)m swr uoneurutiof jo sep ¢ 101, 01 :d 1 sndvu pI1ssvLg
[621] | 1918 payeIo[290L SPads pajean) ewise[d JO UONBUILLIAD) ZHY St PUe AY € 32 add paosader seaoedIsselq A[ue]
SQOURIAJOY $109JJ0 PAIasqQ s1ojouwrered ewse[q soroads Jue[q

(ponunuod) g9 d[qe,



H. Brust et al.

168

(panunuood)

$sams 1YSnoIp

Sune[nuirs suoNIpuOd UOHBUTULIAS JUIIDJJIP Jopun
ymoi3 Surpass pue uoneurwrdgd pasoidur 103 romod
JUSUITEAI) QANIJJQ ISOW ) SB PAIOUIP SeM M O
sanfeA 1omod 10yS1Yy Je $10939 aanesou

Aqrenyed pue p 0] 03 dn s109139 aanisod yim
‘romod pordde uo popuadop S[OAJ] SIS JUAIIPIP
Iopun pue passans-uou Ipun (xapur I031A ‘YPSu|
J00ys pue 1001) s1ajowered Surpass pue (xapur ‘ojel
‘renuajod) s1ojowrered uONBUIULIOS UO $109JJQ BUWISE[
(w/M) %GT PUE 0T ‘G WM 0009 DHJ "PAIESnSIAUL
SeM SUOIIIPUOD SSANS JYSNOIP PAB[NWIS UOTIRUTULIIT

SGTLL

M 08C-0C -Tomod
QIMXTW SH/ITY D]
ed 091-0¢T :d

9 nw3uoyy ‘Ad
] DALDS 0SVIIPIN

o8] Ay uo syuouean; ewse[d JUSIOHIP JO 1091 o Kouonbaiy umouyun 1e Iy BJ[eJ[E QeodRqR A[IWE]
Pposea1dop A[payIew a1om sjuefd o[ewoy Jo
SOJUQISAIOPUI PUB SIABI] UI S[OAI] PIOE OI[OIpIqRUUL)) »
paIayeun
sem Juefd opewd) Jod s90ULISAIOPUI JO JOQUINN] «
(ySrom pue syISug|
jooys) syued orew 10J pajodyge Aeanisod 10 (JyStom
jo0ys) syue[d [ew) 10] pRlodYJe A[9ANL3U IYPId
a1om syued umoi3 sypuoul 4 Jo siajowered sseworyg o
PAAISQO 2q P[NOI SUONIPUOD P[AY urw G :LL
Iopun UONBUIULIAS JO UONEB[NWINS OU J[IYM SUOT)IPUOD M 78 :1omod
KI07R10QR] JOpUN PASUBYIUN SEM UONBUIULIDF e :0q G/ eImng ‘Ad
Jo Amutogiun ofiym pasoiduwr Apueoyrugis sem ed 00T :d ] PALDS S1GDUUD))
[1€1] | own uoneuruUIoS ULIPaW puUE UOHBUTWLIOS WNWIXEIA o ZHIN 8T°S 18 I dwoy [esnpur oeadeqRUUR)) (A[TWE]
s)yStom Sur[paos Iofrewrs
M [1moI3 Sulpaas paonpal ur Sunnsal JuauIear)
ewse[d oAemoIoTW 0) A[oAnESoU puOdSal SIBANND [[Y o
ejouSeue) pue arysaziqorerg
10J PAAISSQO 1M S199JJ2 JANETAU A[IYM ejouSeure)) ‘Ad
‘B[OUL] J0J PIAIISQO QIOM UONBUIULIDTF UO $199JJ3 ON » ur O] ‘G ‘¢ :LL ADY$aZIqO[eIg Ad
sAep G pue ‘¢ Jo sown 20 1V :0d B[OUL] "AD
UOIBAISSQO puk JeAn[nd uo Surpuadop uoneuruios ed 0¥ d ] PAUDS S1gPUUDD)
[00€] | uo $199332 JuaIayyIp pey syuaunean ewse[d Jo $10AH ZHIN St°C 18 981eyosip ewsed aABMOIOIA dwioy seaseqeuur)) :A[ueg
SQOURIAJOY $109JJ0 PAIasqQ s1ojouwrered ewse[q soroads Jue[q

(ponunuoo) §°9 IQEL



169

6 Agriculture and Food Processing Applications

(panunuood)

(182l

sanjea Jomod pue I, PoseaIoul [)IM PaseaIour
Q1M SSUI[PAIs Jo SYISUQ[ Q[oIpel ‘siy) Aidsoq
A[eane3au pue A[Anisod pajodjje sem douewIofrd
uoneuruzed romod pordde pue 1,1, uo Surpuadoq
PRAILIS[IOL M

9 (O UI ISBAIOUI PUB 95 D) UI ISBAIOP :SIX

oST 01 dnpues g

10J 93e10)S [ (O J)Je 7 01 dn PIAIISqo A10A0DX
s1qoydorpAy Inq ‘.0 01 .68 w1y umop doip :YyIM
‘(s1sATeue NHS) ssouySnol aoeyIns pasearouf

SOI ‘€60 LL
M 00t Tomod
0 d

ed 0T ‘61 °G:d
ZHIN 96°€1 1B 4

"1 SLDSINA SNj0ISDY ]
UL UOWIWIOD dBIIBqR, :AIUE]

[1€]

spaas pojean ewsed

JO 51001 pue SoA®9[ UI paSueyoun sem AIANSE JOS
pajeId[adoe Apueoyrusis a1om (s 081—06)

1001 pUe (S 08]) SPABI Ul AJIANJE VD pue

(LL S 081 ‘S OTT) S1001 pue s9AL3] Ut ANTANOE XJV

S OF< Spads pojean ewsed

JO SOABQ] UI PAsBaIoul Ju2ju0d Ie3ns [qnos [e10],

S 09 < SLL 10J paseaIour Appueoyrusis

SOABQ[ PUE S100I UI JUNUOd urajoid [qnos [e10],
9SBAIOUT 0} PAPUI) SJ00I PUB SIABI] UI JUAUOD ON
spads pajean ewseld s 08— 10J pasearour
ApueoyIuSIs o1om S1001 PUB SIABJ[ UI JUU0d LOTH
son[ea Joys1y Jueoyusis pey spads pajean ewse[d

S 68 -0t woJ sSuI[paas jo juauod [[Aydoiory)
JySrom K1p J00ys 10} sonfeA 1oy3iy

JUBOYIUSIS (PIM ‘STT, [[B I8 9SBAI0Ul 0) pApud) (JYIrom
K1p pue syiSuof 1001 pue Jooys) siojowered sseworg
SLL ITe 10J 10yS1y ApueoyruSts ¢ Aep je UOTjeuUIULION)

S O8] Je senfea

Xew y)Im ST, 10 pasearour AuedyruSis sonjeA N\
LI PoseaIour yjim 2Injonns

90BJINS PAs JO SUIUAYIOOWS PA[BIARI SISA[eUR NS

S 081 ‘0TI ‘06 ‘09 ‘0¥ ‘0T ‘LL
M St :1omog

e 1D

110, 00¥ :d

A G pPUe ZHY ¢'v Je ddd

€ ysewreq ‘Ad
1oddoy (') oSunws pusip
wess yor[q oeaoeqe. A[Tue|

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



H. Brust et al.

170

(panunuod)

(Jeaym J0J Y ¢] pUe S[NUQ[ JoJ P | ‘suedq
10} P 9) SWIT} UOT)BAISSQO JUISHIP SuLmnp so1oads
jueld [[e 10J PaIeI[edJE A[IB[O UONBUIULIDT PAOS

1 -oods wnonLLf
JeoyMm dBdORO( TR,

[v€]

SPI9s PaIo)s YIUOW U0 JOJ PASLAIdAP [[NS VIM
1oyuny Aue A)I[Iqenam asearour jou pip s1,J, 13uo|
pasearout APYSI[s A[UO sem N A\ INQ ‘S GT I0J pajean
soroads jued [[e 10J paseaIoop A[910A2S seM YIM

uw g - s 61 ALL
M 0T 1omod
Ie 0

©d £90°0 :d
ZHIN 01 & 14

1 SLDSINA SNjoISLYJ
uBaq UOWWOD 9eadeqe,] :A[rue

QoeJIns paos Jo sdnoid Sururejuod uedAxo pue ussoniu
Ul 9SBAIOUT PI[BIAI SPAVS JO sIsATeue SIA SINIS-HOL »

Spods
JeaUM pue uedq ‘[nu| Jo Jusunean ewseld s G| Joye
SQOBJINS PIIS JO SUONEIA[E OU PI[BIAAI SISA[UR NHS

NIPIN SLIDUIND SUIT
DU dvaoRqR (ATWE]

[sel

a3ejudored uoneururag reuy aSueyod Jou pIp Inq
uoneuruIeg pojeIa[aode APYSI[S JUSU)BaI) BWSe[
uoniqIqui SuLmp armonns o[Adororu

Q) Jo o101 oY) pue Jooy9 ewse[d ay) poroxd

Pareanar oAp oanpq jousydowolq Aq pazIfensia M
o[Adorotur pafees noym

PUE 1M SPAds J0J PoIeIa[aode APJuedyrusis (A
VOAM UI 9s8a109p © ur paj[nsal ewsed

0) SOUOPO[AJ0D PUE B)SIJOSIUL PAISA0IUN JO dInsodxy
Ppajodpyeun dIom

(souopo[£100 ‘BIsej0sow) SI9AL] onss1) Sur[Iopun
WOI SAJBJINS JO YO M J[Iym Juaunjean; ewserd

10)Je paseaIdap ApueoyrusIs d0BLINS pass JO VOM
utw G 03 dn

LI SuIseaIour yirm paseardop A[Iea[o spads Jo 1YSTom

urr g ALL

M 0T :1omod
e :0q
L90°0d

ZHIN 01 Y& 4d

1 SLDSNA Snj0ISDYJ
uLoQq UOWIWOD dedJeqRy AIUe]

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



171

6 Agriculture and Food Processing Applications

(panunuood)

paroxdur A[paxyrews a1om (;_ey 8)

ur prark ‘yySrem pue sequinu pod) s1ejowrered prorx
spaas pajean ewse[d woiy syue[d umois p[oy Jo SB[
Ul PIsBIOUl Sem dN[eA (JVJS PUE JUJU0D USSONIN
sjue[d Surmoi3 Jo (IYS1om AIp) S1001 pue (SSAUNIIY)
pue eare yed] ‘JySrom KIp ‘Ioquunu youelq ‘IJoWeIp
y31ay) sjooys Jo s1aowered sseworq pasordur
Pa[eaAal spaas pajean ewise[d A\ OZ] YIM S[eLD p[al]
Spods

parean ewse[d A\ 07 1—08 10J pasearour Apueoyrusis
sem S3UI[Paas p[o sAep £ Jo JySrom KIp Jooys
soSuLYD JUBOYIUSIS UI PAI[NSAI JUSUIEA)

ewse[d A\ 071 Auo Inq ‘romod parjdde yim asearour
0] papua} sSur[paas po sAep / Jo ySrom AIp Jooys
1oMm se spaas pajean ewsed

M 02108 10J paaordwr APYSIs 21oM UONRUIWIIF
Jo Ajiuiojiun pue oW UONRUTWIIS UBIPI]A

spaas pojean ewsed

M 0T 103 pasearour Apueoyrusis AJuo sem el
UONBUTULIAZ J[IyM ‘spaas pajean ewsed M 0Z1-08
10J pasealout Appueoyrusdis sem [erjuojod uorjeuruLIon
spaas pojean ewsed

10J PASUBYD 10U 2IOM SIN[LA UONRUTULIDT WNWIXEIA
M 08<

SCI:LL

M 0PI ‘0T ‘001 08 ‘09 :1emod
9H D4

ed 0ST :d

[ NOAH "AD
1 pavdodLy snyovay

[LL1] 1omod ewseld yim Apueoyrusis pasearddp VOM o ZHIN 9S°€1 8 Iy nuead oeooeqe A[Iwe]
spads pajean ewseld ur
paseardap proe onkyd pue A1anoe uoniqryur ursdAIy, «
sanIAnoe oselAyd pue ose[Aure 1oy3iy
pue Juyu0o 1esns pue urejoid A[qn[os paseardur
im parueduwodoe sem UONBZI[IQOW dAIISAI JOYSIH o
SSUI[PaIs JO SYITUI] JOOYS PISBAIOUI PUL ‘UOHRUTWIOTF un Oz ‘1 ‘01 :LL
19)sej ul pay[nsar sioowrered Juouneon ewsed [V o A 09 PUB O :1oMOg
ApueoyrugIs paseaIour sonfes A « e :0q
juouIyEa) ed 0T :d NOzZoIM Y (“T) 2101ppd PUSIA
[L82] ewse[d 1018 paseaIdop AJUBOYIUSIS SeM YOI o ZHIN 96°€1 18 14 ueoq Sunwr 9eadeqey AJIwe]
SQOURIAJOY $109JJ0 PAIasqQ s1ojouwrered ewse[q soroads Jue[q

(ponunuoo) §°9 IQEL



H. Brust et al.

172

(panunuood)

[riel

a3e)s SULIOMOY UT PIsSBIOdP

Q1oMm SoTel INq ‘9TBIS QANLIATIA U SIBAN[ND

)0q Ul SOIJEI UNJQUOUOULIOJ/Y UIUBYIOIq PIseaIoul
JUROYIUSIS © U PAJ[NsAl Jusunjean ewseld urw ¢
a3es

uone1a3A uo Judpuadop 219M UIQUOUOULIO) puR

Y UIUBYO0Iq S[OAJ] QUOABJOST Jed[ Jofew Jo sa3uey)
TeIQAA "Ad 10} pasoxdur Apys3is

AJUO 910M SIN[EA [RUONILINU JOYIO J[IYM SIBATI[NO
10q Ul A[qBIOTIOU PISBAIOUT SIABI[ UI JUJUOD UIOI]
PAI9)[E 10U JSOUI[E SEA SAOUDSAIOPUT

Jo Joquinu Inq ‘ssewolq jooys 1y3y pakerdsip
syjuow G JoJ JuowIadxe oy Yy uo umoiIs sjuejd
pasearout

9q JOUUED SIN[EA UOHRUIULIOS WNWIXEW Jey) PIMOYSs
pue juaunean ewse[d 0) APuardyrp puodsar s1eak
JUIQJJIP UO PAIsAATRY TBIQAA “AD Jo uonendod paog
pordde s1,1, 10§

JyS1om Sul[pads 1oySIy 9ALY 0) PIPUI] SIBAIND Ylog
RIRAA

"AD UI PASBIOUT 2IoM JNQ TRUNPLS “AD Ul PISLAIIIP
Q1oMm S3UI[PAIs Plo SABP £ JO SYISUQ[ SI,L Y10q 10
anfeA UONRUILIT WNWIIXew

Ay} Sunoayye oYM SIBAIND Yloq JO paads
UONBUTULIAS U0 $109139 2ANIsod pey judunean urn /

€

uru / pue ¢ ILT

_Wd A\ 700 Asuap romod
Ie :0q

td 00C :d

ZHN 8T'S e 4o

Treunpes ‘Ad
TRIRKA "AD

1 asuainad wnijofilf

I0AO[O Pl JedJRqR,] AT

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuoo) §°9 IQEL



173

6 Agriculture and Food Processing Applications

(panunuoo)

Ioquinu
9[npou ur dsearour A[parew yiim paruedwoooe
spaos pajean ewserd ojdind rep 10y poroxdur
Apueoyugis A[uo sem JYSIom 1001 A[IYm PddJJe
K1oanisod a1om spaas ojdind y1ep pue mo[[oA pojean
ewse[d woij syuerd pjo syoom ¢ Jo syISuo 100y
juounean ewse[d 0} Apueoyusis puodsar jou pip
SPas PAIOJ0D JONIEP A[IYM ‘SPIds MO[[aA 10J Pajoaje
K1oanisod a1om s3ul[pads plo sAep £ Jo (IySrom

K1p pue syju9)) s1ojowrered ssewolq Surpaog
SOIOULY UOHBUIULIAS (IIM )B[LI0D JOU PIP

pue 10[05 Paas uo juepuadop orom juouneon ewserd
I0)Je Spaas AIp Jo (PIoe JI[AdIes ‘SUIUIy0)Ad ‘surxne
‘SUI[[e10qqIS ‘YgV) s[oa9] suowioyolAyd ur seduey)
Spods

umoiq pue 9[dind yrep 0) pareduwod spass mof[aAk 1oy
UONEBUIULIAF I)Se) IIM ST,], 10q J0J PIAIISQO Sem
UOTJBUTULIOS JO QWIT} UBIPIW UT ISBAIOAP JuBOYIUSIS ©
‘suonerndod pads [[e 10J PAIA)[ JOU Sem UONRUIULIT
Jo AjuIofiun pue UONRUILIDS WNWIXEIA

uru / pue ¢ ILT
¢—Wd M\ 670°0 :ANSUIP Jomod

amsodxa e :0q TRIDIRWILIY “AD

ewse[d 0} sosuodsax Jounsip pakedsip (ordind yrep ed 00T :d "1 asuajaad wnijofi]

[z€1]| pue ‘umolq ‘mo[[oK) SIO[09 1O JURIJIP YIIM SPAS » ZHIN 87'S 10 ¥ I0AO[O Pl JedJRqR,] AT
SQOURIAJOY $109JJ0 PAIasqQ s1ojouwrered ewse[q soroads Jue[q

(ponunuod) g9 d[qe,



H. Brust et al.

174

(panunuoo)
Anpiqera
SPAIs UO $109JJ0 SuISewep ALY UIW G 9AOQE LT, o
SPa3s pajeanun jo uey urw G| pue ‘o[ ‘G ‘1 :LL
1031 sem I,], Urwi G pue [ 1ySrom pue ySuof jued M 001 :Tomog
UIw | J10oj pajean) spads Ioj paurelqo A1am ([enuojod Iy D4 W D4af12]o PSULIOp
‘0Fejucorad) siojowered uoneururiod )SoUSIH e 1oL, 7 :d e3ULIO]
[+9] LI [I® 10J $109JJ2 SuIyo)d pa[osal safeull NHS ZHIN 96°€1 18 14 QBI0RSULIOIN AT
s3uI[paas pjo sAep / jo Kjanoe utw O :LL
ase[eIed pue Juuod urejord pue dgeIpAyoqred M 0LZ—0€ :1omod
10§ sonTeA 1SOYSIY I JUSUNLAL A OST o (%07) 1V PUe (%08) €O Jo SIMXIU :DY
10314 SUI[PI9S pUE UOTIRUTWIOF Iequ (40 :d 1
[L1€] P9S UO 199JJ2 AIoje[nuuns ISAYSIY YIM M OST o ZHIN 9S°€T 18 A | wnonispq wnund [15eq 199Ms deaderwe| A[rure,y
sjuyu0o urjord
pue 1eSns o[qnjos 1ySIY pue UONEZI[IIN JAIISAI PIIS
10y31y pokerdsip spaes Suneuruiod pojean ewse[d e
PR109JJeUN 1M SPADS
pajean A\ 0Z1 2[ym spaas pajean ewseld m 001
0} dn pasearour a1om sIuIpass pjo sAep £ Jo (ySrom
AIp pue syi3uQ[ s1001 pue J00ys) s1ouwered sseworq o
Spads
payean ewse[d Ay 08 JO ased ul paroxdwr A[jeropour
10 PAJORJJeuN JAYII 91oM s1ajowered (xopul
1031A pue uoneuruIaos ‘9)el ‘enuajod) UonRUILLIID) «
uoniqiqu jo Y {,¢ Suunp spads pajean ewsed SGILL
M (08 J0J PAAIISQO SON[BA WNWIXEW )IM SPAoS M 0TI PUB 001 ‘08 ‘09 ‘0 :Jomod
pojean ewsed 10J 10YSTY 9q 0} PAPUS) SAN[BA A\ o 9H :O4 0t nop3uoyy ‘Ad
juounjear) ewserd 1oyye ed 0ST :d IOIN () xput 2u10
[sL1] K)[1qeIIOM Q0BJINS PIDS PISBAIOUT PI[BIAL YDA o ZHIN 96°€1 18 14 ueaqhos ovaoeqe, A[ue]
SQOURIAJOY $109JJ0 PAIasqQ s1ojouwrered ewse[q soroads Jue[q

(ponunuod) g9 d[qe,



175

6 Agriculture and Food Processing Applications

(panunuood)

le9zl

juounean ewserd

1B JO}Je PISBAIOUI SEM SPIIs JO JUAUOD U2S0NIU Y],
ewsed

1y 0} paredwod ewserd are 105 poounouoid a1ow
SBM € JO ON[BA QOUIJIP ® yim Hd Ul 9sea109p ayJ,
PAAIISQO Sem Spads pajean ewise[d paqiquit

woly 19em Jo Hd ur uononpar A[payreu 1ea[d y
Lo W 00T PUB A\ 0] 8 Ul | < ST,], Aq uoneuruiod
panquyut ewserd 1y ‘ewserd e o} paredwo))

uru | uey) 1o3uof

PIBaI) 2I9M SPIAS USYM UONRUIULIDS JO UONIqIyuI ur
PANSaI LIOLW ()0 PUB A\ 00 18 siusunean ewsed
J[IYM UONBUTULIOF PIIS UO $}09JJ0 AIoje[nuins pey
urr 61 > 11, ewseld e “Lorw 001 pue M 001 'V

ut O—1 \LL

M ‘007 :ITomod

IR 1y :0q

oW 00 ‘00T ‘001 :d
ZHIN 9S°¢1 1® Y

pnals (‘qunyL) »sojuauio) PIUMOND o1 ssaidwyg

QeodeIuMOINEd A[TUIe,]

l68¢l

uoneuruLdg paredur [[ns jusunean

ewse[d urw (¢ o[y ‘], UI G| JOJ UOTBUIULIOT
pasoxduir ur pAnsar A Q1 I8 Judunean ewsed
Surnp (spass Jo 12409 sse[F) spa2s Jo SUIp[AIYs AN
SLI Jo3uof

Jje parredwl Sem UOTRUTWIOS S[IYM UOTJRUTIIIOT

Pa9s paje[nuins A\ 00 e Juownean ewsed uru |
uoneuTuLeg

PANQIYUI U ()¢ 0 T JO SII, O[IYM UOTBUIULIST

U0 $109JJ AI0jR[NWINS PRy A\ 00 38 Ut O] > SLL
uoniqrquut 1o)je

sAep ] oSejuoorod uoneUNUIAS UT 9SEAIOUT U UT
PANSAL A O 18 UI (¢ 03 dn Ay (G 18 sown LT, [V
PAAI2SQO 2qQ P[NOD UONBUIULIAT JO SI09JJQ UO duWin
amsodxa pue Ajsuoiul 1omod 10§ UONR[ALIOD Tedul]
Pparooyje A[Anes3au Jo

K1oAnisod 107310 910M UOTJRUTULIOS Pds paonpur-jysiy
sown LT, pue Jomod ewseld parjdde uo Surpuado

umr op—1 <LL

M 00T ‘001 “0S 1emod
Ie 0

oL 00¢ :d

ZHIN 9S°€T 1B 4

pnals (‘qunyL) »sojuauio) pIUMOND o1 ssaidwyg

QeodeIuMO[NEd ATTUIE]

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



H. Brust et al.

176

(panunuood)

[sv]

uoreuruog

Jo U g unpim syurod dwn [e10A9s SuLmnp A1anoe
SurSuoaeds [eorpel 1soySiy pue JuAuod [ouayd [0}
1s9USTY ‘S[OAQ] (VYD) PIoe dukjnqourue-ewwes
1soy31Y ‘A1IANOE ose[Awe-e 1say3Iy ur

Ppoynsa1 Juauean AY ¢ ‘sodeljoa pardde e Suowry
QW UOBAIISAO Y $¢ SULIND PIPIOIAI 9IOM SIN[BA
N\ pue syduo Surppaes ‘ofejusorad uoneuruired
paseaoul Juedyrusis ‘sogejjoa pardde [[e 104

umr Or <LL

AN €T 1 :98m[0A DA
Ie g

td 008 :d

931eYOSIp MO[D)

Tean[no eotuodel ‘g Suay ey, "ooe
1 panps p2L10
QOLI UMOI] 98RO :A[IWR

[ssel

ASBAIOUT 0) PIPU) SAYOURIQ JO

JIOQUINU PUE SA[PISU JO IQUINU ‘SUIMOS I9}Je YIMOIT
Jo sypuowr /| Sulnp awn uonealdsqo uo Jurpuadoq
SuIMOos 19)Je Sypuow £ ] Spaas pajean ewseyd s £ pue
G 10J sYISuQ[ J00ys JULOYIUSIS pa[eaAal uononpoxd
SSeuIoIq uo juaunean ewse[d Jo $1993J9 wd)-3uo|
uonIqIquir Ioje 4 g4 urpim

PAAISQO ST, [[B 10J PAIOMO] SPIIS JO JUAU0D LOTH
skep ¢¢

J10j 91ensqns jead ul PAJeUIULIOS AI0M SPs UAYM
PAAISSQO Sem UONRUIILIE Uo Jusunean ewserd uru /
JO UONBUTULIDT WNWIXEW U0 199159 2ANIs0d © o[Iym
‘sAep £ 1 10J soysip od ur pojeuruiIof spaos uoym
PAAI2SQO UOTBUIULIAS UO ST,T, [[B JO $192JJ2 dANBSON
ensqns jead ur pue soysip 1mad ut suORIPuOd
uoneurues uodn paIoyIp (AW UOBUIILIAS

Jo uors1adsip ‘owr) uoneuruIod uerpow ‘eJejudorod
UONBUIULIOF [BUL) SINSLINIBILYD UONBUIULIOF PSS o

un / ‘¢ g ALL

-0 M SE°0 :ANSUIp Tomog
e 1D

®d 09 d

ZHIN 8T'S e Jd

118y "H (1) $21gp pad1g 9onids KemIoN
Jeaoruld K[

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



177

6 Agriculture and Food Processing Applications

(ponunuood)

[+8]

Son[eA SPAds puesnoyy JySiy

PIm pra1k 10ySy 9,8°97 Suraey syuerd ur paynsar
spads aurdn| payean ewseyd uru 4 yim speLn pro1g
SUONIPUOD JUAWLI) [[E JOPUN PA)IJJeun

sem s3UI[paas p[o sAep £ Jo ssewolq Jooys durdng
juounjean; ewse[d oY) Jo Jnsar e se 9,¢'g £q
9SBAIOUT 0} PAPUR) P[AY Y} UT UMOIS 1B3YM JO P[ALY
sage)s YImois JuaIoIp Sunmnp sjuejuod orjousyd
19y31y pakerdsip pjoy uo umois syuerd jeaypn

Spads jo

JUSWITEAN) WNNdeA Jo ewse[d I9)je 95eaIdul 0) papua)
(sya3u9[ 1001 pue 100ys) s1jawered Ssewolq AIYM
‘SUONIPUOD JUAUNEA) [[ J0J PAJOJJJEUN AI9M dUIT)
uoneuruiod Jo ()] Aep Je ofejusorad uoneuruLon
juounearn; ewse[d oY) Jo ynsare se 95/°'1 £q
QSBAIOUT 0} PAPUR) P[AY Y} UT UMOIS dZIeW JO ALY
juounear) ewse[d 1a)Je sSUI[Pads dz1ew JO S1001 pue
S100US [)0q U PISBAIOUI 2I9M SIUJUOD UTUBAIOYIUY
Juounean ewseld 1oyye sjooys

Ul PaoNpal pue $}001 SUI[PIAs SZIBW UT PISLAIOUT
A[payIewr a19m Ss)ua)u0d d1jouayd pue durjoid
jusunean

wnnoea 1o ewse[d 10)je 9zrew I0J asLAIdUI 0}
papua) sSur[paas plo skep £ Jo syISud[ J0oys pue dwn
uoneuruias jo 0] Aep je oSejusorad uoneuruLIen

um /¢y T ILL

-0 M §70°0 :ANSUSP Tomog
e :D

ed 00T :d

ZHIN 8T'S e Jd

] WNALISID WNJNLLL
JeoUM IJUIM 80RO ATTWIE]
1 snijofuusndup smudny
qurdny oeooeqe, ATTureq

1 skvwt va7

QZIBN

Qeaoro( :A[rure

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



H. Brust et al.

178

(panunuod)

[socl

pasunouoid 10w SeMm SI[JIPEI Ul ISBIIOP puE
juounjear) ewse[d Uurw ()] I9)Je PASEAIOP SBM UIXIIIA
Surpnpout Juuod drjouayd [e10) ‘sandoajod 1eo uy
jusuIEd)

ewseld ur (] I)je S[OIpeI Ul padnpar pue sa[ndoajod
JEUM UI PaId)[eun sem Juajuod drjoudyd [ejo],
juowyear ewserd Jo urw ]

I10yje uroed pald)[e ue pamoys YoryMm ‘Yoe? saroads
G 1589 Je Jo 9oudsaid ay) pareasrar H1dH oseyd
pas1aaar Aq uoneururad 10)Je Y ¢g sondosjod pue
so[oIpel 1eaym Jo spunodwod drjoudyd jo siskeuy
jusunEd)

ewse[d utw ¢ 193Je Jeaym ur osuodsar aanisod
paAIasqo ue }deoxa spuoan reqrurs pakerdsip (JyStom
pue syISua[) sjooys Jurpads jo siojowered sseworg
JBAYM UI SINBA PIONPAI JARY O) PIPU)

10 JBUM PUE JBO UI paSueyoun IoyIo a1om (Jysrom
pue syISud[) s1001 SuI[Paas Jo s1awered sseworg
SLL I 10J %00 O3 9S0[d Sem pue

¢ Aep 18 payoeal sem 18O JO UOTRUTULIOT WNWIXEA
Tl 10 8 Kep

Je J0U JnQ QW) UOTJBUTULIOS JO 4 ABp Je UONRUTWIOF
jeaym paaoxdwr APySifs Jueunrean ewsed

Q0BJINS PAds

JBAYM UO SYIBID JO UONBULIOJ UI P)[NSI JUAUNLT)
wnnoea 1o ewseld 9[Iym 20eJINS Paas Jo saSueyd ou
Ppa[eaaal jeo pajean ewsed urw O] jo siskfeue NS

urw O ‘0T ‘01 'S ‘¢ *LL

M 006 -Temod

Ie :0q

ed Ov1 -d

ZHIN St°C 18 93IBYOSIP JABMOIIIA

1 WNANSID WNOYLLL
JeyM JBa0BOd A[IUE]
] DAUDS DUIAY

180 9800 :ATIUIR

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



179

6 Agriculture and Food Processing Applications

(panunuod)

JUSWIIEA) WNNJBA JO euuse[d I)je 95eaIddp 0} Papud)
s3ur[paos aurdn] Jo syISuI[ J00Ys IYM ISLAIOUI

0 PapuR) STUI[PIIs dZIBW PUE JeAYM JO SYISUS[ J00YS
pagueyoun a1om siojowrered

JUSWIIEAI) JAYJO [[& pue paromo] sem ewseld yiim
urw () 10j pajean spass aurdn] 1oy AN[IqeIA PARS
SPads pajeanun

0} paredwod pasoidur o1om wnnoea 1o ewseld

)M PJeaq) dZIeW pue Jedaym I10J AJ[IGRIA PSS

WO M ¥E°0 pue Bd 6'99 1B

juounear) ewse[d urw ¢ I9)ye 2IndNIs ddeyIns auidng
pue JeoyM JO JUIUAYIOOWS PI[BIAI SISA[BUR INHS

umro1—¢ <LL

¢—Ud M §9°0—F¢0 :KISuap Jomod
Ie i

ed 080 :d

ZHIN 8T'S 1 4

AS 91T OWoN LAY 7 skvut vaz
JzIew 9eade0d A[Iue

eAre(q K)LIBA T WNALISID WNJNLL]
19U M 9BIOBOJ A[IWE]

[og]

um 9 < ST,

10J PAAI2SQO sem AJANOR VD) JO 9SBaIoul JUBdYIuSIS
AIYM ‘ST,I Ul ()] Pue § J0J PRIk sem AJIANOR
XdV 1001 pue sjo01 ur pagueyoun sem KIAROE qOS
sjuowrjean ewse[d U § pue g ‘7 10J PaseaIoUl

Sem SANIANJE VD 9[IYMm ‘ST,T, [[e 10 pasearoul
Apuesyudis s)ooys ur saniAnoe Xdv pue gos
paSueyoun A1om S[AAS] ON O[IYM ‘Ul § < ST.I,

10J SJ00I PUE SJOOUS UT PASLAIOUL 1M SJUSJU0d COTH
S)001 UL UIW § < ST,J, JOJ PUB SOABI] Ul UIW 9 < ST,I,
10§ 19y31y Apueoyrusis a1om sjujuod 1edns a[qnjos
PAAISqo

Q19 51001 Ul sa3UBYD OU AIYM ‘ST,], [[& J0J JoyS1y
ApueoyruSis a1om SOABJ] UI $Ju)uod urajord A[qnjos
SLL [[¢ 10J pajeIa[oooe ApueoyruSis o1om sSuIpaos
pIo sAep g Jo Juauod [[AydoIo[yo pue (JySrom

K1p ‘p3uo 1001 pue J00ys) siojowrered sseworg
uoneuruIads Jo ¢ Aep Je pop1odal

o3ejuoored uoneuruIas JOYSIY UI paynsaI ST [V
L1 ewserd Sursearout yiim 9oeLIns

P9s 3y JO SUIUSYIOOWS PI[BIAI SISA[eUR NHS

u Of ‘8 9y ‘T :LL

M St :1omogq

1V AV DA

0L 0T -d

AT S PUBZHY ¢y e ddd

ysneruoys AJQLeA T payvs v2Li0)
Q011 9BIORO( :ATIUIR

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



H. Brust et al.

180

(panunuood)

] winnuup wndisdn)
10ddad seooeuejog :Afweq

JIoquinu youelq Jooys
10431y pue 1yS1ay Jue[d paseaIdul PI[BIAI SPIIs
1oddod poyeon ewserd pp 091 Pm syuowiadxs prarg

1 QNI
unydwind oedoeIIqINONY) ATTWUER]

(M ov1

‘001 ‘09) siuwaunean ewseld Juaroyrp 1oj juerd

12d sred pue JyS1om urels puesnoy) ‘Joquunu urerd
JBOYM UI 9SBAIOUT JYSI[S © PI[BAAAI sjuowILIodxa ploL]
upjdwnd pue ozrew ‘yeaym WoIj SPads

paSe jo (aSeyuoorad uoneurunrag ‘Ajrqeururros)

$06-6S-LL

M 08109 -Tomod
QIMIXTW SH/IIE pue IIe 0]
ed 00C-0¢ :d

1 skvwt vagz

[18¢]| siovowered uoneuruidd pasoiduwr Jusuear) BWSE[d o ZHIN 96°€1 18 1Y ozrew 9eade0d A[Iue]
M 091 01 dn szomod T WNA1SID WNILL]
pardde 10] pareIa[eddE Sem 1BIYM JO UOTRUIULIDD) o JeYM JBAOBOJ AJIUE]
[O1UOD ) JO Jey) UBY) 20U %68°G Aq
paseaIour sem Jeaym pajean ewseld Jo (;_BY 1) PRIX o
[[oM S paseaIoul a1am (Surpags
19)ye syjuow G “xoidde) o3e)s 100q e JuLIUOD USFoNIU
pue [Aydoroyo ym 1arpeso) syuerd Surmois jo
(SSOUYDIY) JeS] pue LIk Jed[ ISJOWEIP WS JYSIom
yso1j ‘ypSuoy j001 y3ioy juerd) sioyowered sseworyg o
Su1pods 10)je sAep ()£, SIUIpIas Jo
(JySrom ysoiy pue sy)Sua[ 1001 pue J00ys) s1ojouwrered
SSBWwoIq JYSIY JUBOYIUSIS PI[BIAI SPAJS Pajean
ewse[d A\ 08 YIm powriojrad syuowrtiodxo plor] o SGI :LL
paoageun sem M 00T ‘08 ‘09 :1omoq
paas pajean ewse[d ;A 00T PUB (09 JO UOTBUIULIDTF 9H :0d
AIym ‘spaas pajean ewseld p (8 10J 1Yy ed 0ST :d 1 +dds wmonrg
[6c1]1 | Apueoymusis , pue ¢ Aep je 93ejued1od UOHRUTUIAL) o ZHIN (01 X €18 44 JBOYM 0BIOBOJ A[TWIE]
1oAsIRYSIod A1oLIeA
1 snijofusndup smundny
suidn| Jes[-molreu Jeadeqe :AIure
SQOURIAJOY $109JJ0 PAIasqQ s1ojouwrered ewse[q soroads Jue[q

(ponunuod) g9 d[qe,



181

6 Agriculture and Food Processing Applications

(panunuod)

[ssel

PIRIA pue JyStom uress 1oysiy pakedsip

Spads pojear) ewise[d U 9 pue ¢ WoIJ syue[d

SLL [Ie Je aamxiw <Q/are

10J paounouoid arowr Ju23u0d [[Aydoio[ysd ur Isearou]
pardde s1oowrered jusunean ewserd [[e 10§
poresd[adoe syueld plo sAep (g Jo ysom A1p 00y
parjdde so.f pue s1.1,

[T 10J pAodgge Aoanisod (owir) uoneuruiIos uLIpow
‘ANMIqera “10S1A Xapur ‘ojer) s1ojoweled uoneUTULION
parjdde sp y10q 10J I, (Im paseardur N

U 6T 21 6“9 ‘¢ \LL

M 09 :Jomod

QInxrur No\b.m pue Ire ‘O
A10L 01 +d

ZHY G—¢ 1® 93IeYOSIP MO[D

8CINOD IIVE A
1 WNANSID WNIYLLL
19U M 9BIOBOJ A[IWE]

[oLel

pasearour ApueoyrusIs sJooys Ul SJUAUOd Ie3ns [ejo],
PaseaI1oap A[[eonBWRIP Sem JUJUOD JUIZ

Q[IYM $JOOI UT PaseaIdul AUBdYIUSIS JUAUOD UOI]
SOpOW JUAUIEI) PUE

sue310 9A1O2dsal oY) Ul paSuBYOUN IIM SIWAZUD
Jo douepunqe YNJW pue (XdV pue 4OS 'LVD)
SONIAIOR QWIAZUD A[IYM ‘SPI2s pAjean ewse[d ¢O/Iy
10} pasearoul Apuedoyusis sJooys ul SAaNIANdE XJV
PuE 3001 UI doURpUNGE YN YW pue AIAnde qOS
sSUI[pass JO SJ0OYS pue SJ001 UI YIeap [[90 J0 dFewep
QUEBIQUIAW O} P 10U PIP SPAIS JO JUSUIIEAI) BUISE[J
paSueyoun a1om AJIAIIOR XJV pPue OS

Q[IYM SPIIS UI PAJBI[AIJ. A[JUuedyIuSIs ANANOR [VD
pasearour APuedyrugis

sSUI[Paas JO SJ00I PUE $JOOYS ‘SPIIs UL JUAUOd TOTH
PasEaIoap 21oMm

s1ojowrered sseworq j0ox A[Iym (JyStom A1p ‘yiSuay)
pasearour s3uI[pads jo sioyoureled ssewolq j00ys
Quir} UONBUIULIOS UBIPAW SUISURYD INOYIIM
uoneuruiag Jo Apiqera pasoxdwi jusurjean Bwse[d
sjuounjean ewse[d y1oq 10§ 20BLINS

paas paddeyd pue 1oySnol pafeasar sisk[eue INHS

S 06 -LL

M SP :1omod

QIMXIW JTe/IY pue CO/IY D4
0L 0T -d

AT S PUBZHY ¢y e ddd

T won 1Yve Ad
] WNALISID WNJNYLL]
JeoyMm QBdORO( ATe,]

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



(panunuood)

H. Brust et al.

syuerd

TeDJOA A 'AO pajear) euwise[d WoIj SpAas pRlsAIey
Q) UI PASBAIOUL Q1M S)UUOD UN2dIeNb prouoaeyy
QU) PUE ‘PaASLAIOIP dIoMm $JuJU0d drjoudyd [el0],

SLL

)0q pue SIBA[ND [10q J0J pasealour Apueoyrusis
sem (Juerd 10d spaas jo 1oquunu yIrom pads) PIAIL
1eloN gA A2

Ul POJURYUD 2IOWI Yonul sem AJTATIOR dNQYIUASOI0yJ
juerd 1ad sjooys

Jo Joqunu pue suesIo 2ANeIdua3 Jo 1y3rom Jurpnpour
IMOI3 Jo syjeam § 19y pasordwr ApueoyruSis nq
1MOI3 JO SY23Mm {7 Iayje TeloN g A "AD 10J padunouord
SS9 21oMm S1d)owered SSBWOIq UO $199JJ9 dANISO]
spaas pajean ewse[d urw £ J0J pasoxdur Apuedoyrugis
QIoM TBIOA A "Ad wolj sjue[d p[o SYoIM §

JO (SeydueIq [eI9YR] PUB IoqUUNU Jed[ JYSIom Jed[ pue
1001 Q3rom K1p y3roy jueld) siojowered sseworg
Suimos

19)Je 9 Aep Je spaas pajean ewse[d Jo (%07-11)
90uaSIoWR SUI[PAS PAONPAI B PI[BIARI S[BLI) P[]
1efoN gA A0 10J pasoxdwr Apueoyrudis

urw / pue ¢ ILT
¢—Wd M\ 67070 :ANSUIP Jomod

TeloN gA A0

SeM QW) UOBUTULIOT UBIpoW Jnq ‘Judujean Ie 0 TeD[OA gA AD
ewserd 10)Je IBINOA A "AD UI PAId)[E JOU SeM ed 002 :d YOUQOIA tunjuajnosa wmi{doSn.q
[1€1] | swn uoneuruiIoS ULIPAW UL UONBUIILIOT WNWIXEIA o ZHIN 8T°S & 14 JeayMONQ Uowod dedveuoIAjog A[rure
I
A[reuy pue uononpoid sseworq ‘Surid[[n paaoidwr ur
Sunynsar soueuriofrad yimoIs proy 1on9q pakedsip
spaes pajean) ewseld jey) pomoys sjuewadxe pory
jusuIEan)
ewise[d 10)Je paseaIdUI (S)00I [BIAJE] JO Joquinu
pue syiSu9[ Joo1 ‘syISual Jooys Jurfpads) sSurpass SGI :LL
Jo s1ojowered sseworq Jo sonfea pue (xopur ‘[enudjod M 001 Pu® (g :19Moq
‘orer) s1ojowered uoneUTUIIOS PIAS JO SON[BA QIMXTW dH/IIe 10 71 Suouueys ‘Ad
SPI9S JO SUONJEIAUSS JUSISIJIP 9} J0F ed 091-0€T :d ] WNALISID WNJNYLL]
[ez1]| poaordwr yimoi1s ploy pue uoneuruiIos pads LAY o Kouanbary umousun je Iy JeoyMm QBdORO( ATe,]
SOOUAIJY $109JJ0 PIAIASqO sxojowrered ewse[q saroads jue[q

182

(ponunuod) g9 d[qe,



183

6 Agriculture and Food Processing Applications

(panunuoo)

levil

spuon
JuedyIudIs jou Jnq aanIsod e paAe[dsIp spass pajean
A 00T Pue (9 Jo sjuajuod snotoydsoyd pue usgoniu
‘s1ojowrered ssewolq  sjue[d pue uoneuILLION
pasearour Apueoyrugis a1om spaas pajean ewsed

M 08 siuepd ur juojuod snotoydsoyd pue uagoniN
(SwnN[oA pue BaIE d0BJINS

joo1 yyStom AI1p pue y)Suo 1001 ‘BaIe Jeol JySTom
£1p T2109) s1o)owrered ssewolq jueoytuSis pakerdsip
spaas parean ewseld p 08 Jo syueld pjo sAep 9¢
spads pojean ewsed

M 08 10} pasoxdur Apueoyrusis sem uoneuruIos

Jo sAep / je pue ¢ Je oSejuedrad uoneUILLION

SCI:LL

M 00T ‘08 09 1omod
9H DA

ed 0ST :d

ZHIN 96°€T 1B 4

906 reysueyg Ad
1 wno1s42doo ] wnupjog
0JBWO) QBAORUB[OS :ATTWIE]

[reel

sypuout 7 |
0} dn Jo 93e103S 19}J8 UOAD PISBAIOUT JOYIINY QIOM
s19)owered Sul[pads pue UONBUIULIAS [[ ‘JUaUIIed)
ewsed 10)je Surdowso Yiim UONBUIqUIOD U]
93e103S Pads Jo syjuow 7| Jayye 9[qeIddap

[0S a1om s1ojowrered UonBUIULIAS UO $109JJ9 2ANISO]
SLL [[e 10} POAISSqO QIoM

10314 Surpaes pue (paads ‘ofeiusorad uoneuruires)
s1o1owered UOBUILLIOZ UO S10QJJO 9ANISO]

LL paugepun

Je Juowrjean ewse[d 10)Je poonpaI sem VOIM

LI pauyapun Je juounean ewsed

10)J 90BJINS PAIS JO SUIYDID PA[BIARI SISA[RUR INHS

unw G ‘gl ‘6 ‘9 ‘€ SLL

M 00T 1om0d

20 04

Tequi 7°0 :d

V 70 PUE A 00S 18 931eydsIp MO[D

JOpUOM BIUIOJI[ED) "AD
T wnnuup wndisdn)
1oddad [[oq oeoorueog ATTUIE]

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



H. Brust et al.

184

ase£| eruowwre sutuerejAuoyd—rvd ‘oseprxo [ouaydLjod—Qdd ‘eseprxorad—gQd oserereo—IvD
‘osepixo1ad 9eqloose—yxJV ‘aseinuwisip aprxoradns—OS ayeidn 1jem—n Ay Q[SUE J9BIU0D 10jeM—Y DAL oW Judunean— I, ‘seS padj—ny] ‘ainssard—( Kouanbaiy orper—Jy

lov1l

juounean ewse[d 19)Je paonpal

wnip22vun]os piuoisipy uagoyled IIm [eLI10Bq

oyl s pajernoout sjuerd Jo Juowdooaap aseasI(
SOARQ[ Ul

TVd PU® Odd ‘Q0d JO $dnIAnoe pasealout pue LOH
JO S[AS] PASEAIOUT Ul PA[NSI JUAUILAL) BWISL[J

sjod ur sAep ()¢ 10J

umoi3 syued Jo (JySrom KIp ‘ISJOWRIP WIS ‘SSAUNIIY)
Jeor ‘yySuay juerd) siojowrered sseworq paseaIouy
PIAIISQO 1M UOTIIUT

uaSoyyed pue sOWAZUL PIJL[aI JULPIXOTUR PUB SSAIIS
‘ssewolq uo juowjearn ewseld Jo $)003J0 wid)-Suo|
9Jel uoreuruLIog

pue [enuajod UONLUIULIDT U0 1991J9 ANISOJ

SCI:LL

M 08 :19moq

°H ‘DA

ed 0S1 :d

ZHIN 9S°€T 1B 4

("1 wn218.42dooK] wnuvjog)
0JBWIO) JBIJBUR[OS :A[IUIE]

SOUAIRJY

§109JJ9 PAAIdSqQ

s1ojourered ewse[q

soroads juerq

(ponunuod) g9 d[qe,



6 Agriculture and Food Processing Applications 185

287]), and lentil (e.g. [34]) belong to staple food, while alfalfa [80], blue lupine
or clover (e.g. [211]) are used for feed production and are relevant in crop rota-
tion because of the symbiotic activity with nitrogen-fixing bacteria. Increase in seed
germination after plasma treatment has been also detected for seeds from rapeseed
(e.g. [178, 270]) or sunflower (e.g. [203, 371]) known as oil plants. Moreover, this
also applies for seeds from vegetables (e.g. radish [202]); spinach [136, 310]; tomato
[196], zucchini [151], spices (e.g. pepper, [325, 341]), herbs (e.g. coriander, [135];
sweet basil [7, 317]), pharmaceutical relevant plants (e.g. ginseng, [174]); ajwain,
[92]; hemp, [306]; safflower, [69] or trees (e.g. empress tree, [269, 389]); Norway
spruce [258] and black pine [309].

6.3.1 Plasma Effects on Seed Surface Morphology

Depending on the plasma intensity of direct plasma treatment mode, outer seed
surfaces can be modified leading to cracks, holes and fissures caused by etching
and erosion events. Optical analysis by Scanning Electron Microscopy (SEM) is
frequently applied to detect changes on seed surfaces by atmospheric DBD or low-
pressure RF plasma treatment.

Several studies using DBDs documented surface modifications of wheat seeds
after non-thermal plasma treatment [99] detected cracks on seed surface after 4 min
air plasma treatment. [207] showed etching effects on the seed coat, which occurred
after the air, nitrogen and argon plasma treatments, causing the change in hygroscop-
icity and permeability of the wheat seed. Li et al. [179] observed gradual destruction
of square mesh structures and occurrence of cracks with elevated treatment time of
air plasma. Molina et al. [220] found that the seed pericarp was progressively etched
and damaged with increasing helium plasma exposure. Changes started with random
nano-grooves on the outer layer at treatment times of 5 min, which extended when
the treatment time was further increased to 15 min.

Moreover, other plant species were subjected to DBD treatment like barley, pea,
thale cress or quinoa [256] investigated barley seeds and reported that plasma treated
seed surface were etched and eroded after nitrogen/air plasma treatment for 40 s.
Pea seeds were used by Gao et al. [89] displaying distorted and partially destroyed
surfaces and ridges on the seed epidermis which gradually dissolved caused by seed
coat erosion via bombardment of seeds with free radicals and ions of air plasma treat-
ment at 15 W for 3 min. In addition [330], applied air DBD treatment to pea seeds
and observed an uneven disruption, abrasion or even loosening of original structures
in testal areas near the plumule- and radicle apex, especially after 10 min expo-
sure. Effects of plasma on the model plant thale cress has been studied as well [54]
presented dose-dependent etching effects of air plasma on seed surface encompassing
slight shrinkages at 1 min treatment time up to detached epidermis at 10 min plasma
exposure. Similarly, Bafoil et al. [16, 18] found changes on the seed surface after
air plasma treatment for 15 min. The authors observed a physicochemical etching of
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the surface by plasma treatment due to rearrangement of macromolecular structures
and exudation of lipid compounds from the seed.

In further studies, no damage (e.g. cracks, holes) of seed surface structure was
observed after plasma treatment using a DBD plasma sources, e.g. pea [334], radish
[159], spinach [136], sweet basil [7], maize [380], onion [340] or wheat [190].

Low-pressure plasma is also able to modify seed structure (Table 6.5). Flax seeds
experienced etching of the cuticle and an accompanied weakening of the underlying
mucilage secretory cell (MSC) walls [61]. Although longer RF plasma treatments
(15-20 min) induced extensive cracking of the outer integument, the water uptake
was not affected [281]. reported a rougher seed surface and an increasing amount
of material being removed at 20 Pa with elevated treatment times, which resulted
from energetic ions that impinge on the surface. On safflower seeds treated with low-
pressure argon RF plasma for 130 min, changes in seed structure and a smoothening
relative to the untreated control seeds appeared [69]. Quinoa seeds displayed plasma
etching affecting the pericarp after non-thermal plasma treatment [96].

In general, observed modifications of seed surfaces after plasma treatment can be
related to following factors: particle bombardment of highly energized species, local
heat generation and possibly the individual nature with respect to heterogeneous
morphological structures and chemical compositions of outer seed layers. Overall,
there are critical methodological aspects for the visual detection of these changes
by SEM: 1. SEM analysis provides only a spatially limited section of the entire
seed surface. 2. Most seed surfaces are not homogeneous but are highly structured,
requiring extensive surface analysis. 3. Eventually, a great number of single SEM
pictures have to be analyzed, in addition to different individual seeds to conclude
generalizations. 4. SEM analysis of seeds is performed in high or low vacuum and
hence plasma effects on seed surfaces could be intensified.

6.3.2 Chemical Modification of the Seed Surface

During direct plasma treatment, bombarded by exited particles such as radicals and
ions that can lead to erosion, etching and even chemical modification of the seed
surface. This changes the chemical structure and morphology of the surface (e.g.,
roughness). Interaction of electrons and ions with outer surface layers result in modi-
fication and finally higher wettability [34]. Chemical modifications provoked by
treatments using gaseous plasma that contain certain proportion of oxygen have
been detected in several studies in which oxidation of seed surfaces irrespective of
plant origin was observed (e.g. wheat, barley quinoa; [38, 96, 219, 220, 240, 325])
(see also Tables 6.4 and 6.5). Three different methods have been applied to study
potential chemical modification: (1) X-ray photoemission spectroscopy (XPS), (2)
attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
and (3) Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS). Mainly XPS
has been applied to detect chemical changes, because this method can detect elements
and their chemical state (e.g. oxidation and binding energy) located at seed surfaces,
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such as carbon, nitrogen, oxygen, potassium, sodium, magnesium and calcium (e.g.
[96,99,116,281,325]). A correlation between relative oxygen abundance and plasma
exposure times from 10 s up to 15 min were noticed on wheat seed surfaces [220].
The increased carbon-oxygen bonds were attributed to air impurities of the DBD
device operated using helium at 5 slm. [380] analyzed maize seed surfaces using
ATR-FTIR after exposure to DBD treatment for 60 s and found an increased occur-
rence of polar nitrogen and oxygen containing groups. RONS generated by DBD led
to oxidation of lipids located at pea seed surface and subsequent increase in water
uptake performance of peas [334]. The decrease of C-H bonds, typical for fatty acids,
was more pronounced when air or oxygen was used as feeding gas. However, it was
not stated if band intensity typical for oxygen containing groups were increased in
FTIR spectra. Bormashenko et al. [34] analyzed the surfaces of wheat and lentil seeds
treated with low-pressure air RF plasma using ToF-SIMS and found that a higher
proportion of O-containing groups and N-containing groups could be detected on
seed surfaces.

6.3.3 Alterations of Seed Surface Hydrophobicity

Physicochemical alterations of seed surfaces can result in changes of surface
hydrophobicity. Wettability of seed surfaces can be estimated by measuring the water
contact angle (WCA) of a tiny water droplet placed onto the surface. Depending on
the contact angle, surfaces are referred as hydrophilic (<90°) or hydrophobic (>90°)
[87, 168]. The WCA of plant seed surfaces are usually above 90° but can range from
130° to 76° depending on plant species [315]. Increased wettability of seed surfaces
are observed after direct plasma exposure in e.g. wheat [34, 71, 190], soybean [175,
264], rapeseed [178], maize [380], lentil [34, 357], bean [34, 281] or barley [38].
Atmospheric pressure plasmas (e.g. DBD, plasma jets) and RF low-pressure plasmas
either operating with air [18, 35, 59, 92, 371], oxygen[234, 281], (Piza et al. 2018),
nitrogen[115, 119] or with nobles gases argon [38, 49] or helium [5, 175, 177, 219]
displayed effects on seed surface wettability. By using a DCSBD system, different
applied feed gases (air, oxygen and nitrogen) resulted in similar strong decreases of
WCA values of maize seed surface with increasing plasma treatment times from 30 s
to 5 min [115]. Comparable changes in surface wettability of wheat seeds by plasma
have been reported for various DBD systems working with feed gases air [71, 190,
347], argon [38, 240] or helium [220].

Indirect plasma treatment does not lead to any significant changes in wettability
of seed surfaces from wheat [190], Thuringian mallow [259] and rapeseed, barley or
lupine [355].
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6.3.4 Alterations of Seed Water Absorbance

The seed coat consists of several layers of dead cells. Seeds from several kinds of
plant species such as legumes contain a cuticle as the outer layer that is enriched with
phenolic compounds and fatty acid derivates resulting in a hydrophobic seed surface.
Naturally occurring cracks on seed surfaces of soybean (Glycine max (L.) Merr.) can
contribute to water uptake during imbibition [194]). Surfaces of caryopses from
wheat or barley contain carbohydrate polymers (e.g., cellulose, hemicelluse) and
lignin, which renders the surfaces to hydrophobic state. The mandatory initial step
for germination is the uptake of water (imbibition process) to enable physiological
processes [244]. Uptake of water does not occur evenly along the seed surface area.
In seed science, several methods exist to deduce the route of water entry to the inner
parts of the seeds, e.g., using dyes or stable isotopes as tracer. Furthermore, prior to
imbibition tests, seed structures can be blocked by water impermeable material or
dyes and thus can be used to trace the influx of water [65, 186, 385]. Bafoil et al. [17]
measured seed permeability of thale cress by absorbance of tetrazolium red. This test
is based on the enzymatic oxidization of tetrazolium red by dehydrogenases in the
respiratory chain. Interestingly, the permeability was decreased by plasma treatment
which seems to be contradictory to most of published research upon seeds.

Soybean seeds exposed to different gaseous plasma such as DBD displayed
increased water absorption after one hour of imbibition [335]. The observed alter-
ations were correlated with treatment time from 30 to 120 s and were more
pronounced for nitrogen containing plasma compared to air and oxygen plasma.
Similar observation using the same experimental setup was found for one hour
imbibed pea seeds treated for 60, 180 and 300 s [334]. Wheat seeds with higher
water uptake after plasma treatment simultaneously displayed a decrease in weight
due to plasma etching process proved by SEM analysis [220]. Interestingly, water
uptake of spinach or wheat seeds was unaffected after plasma treatment even though
strong decrease in seed surface hydrophobicity was observed [138, 190].

Future research on plasma treatment of seeds should consider analysis of seeds by
nuclear magnetic resonance (NMR) or magnetic resonance imaging (MRI). These
techniques give more detailed information about water imbibition process as distri-
bution of water under real time conditions can be monitored [33, 128, 263]. These
techniques could provide a better understanding of the plasma-induced effects on
whole-seed water permeability.

6.3.5 Plasma Effects on Seed Germination and Plant Growth
Parameters

It is assumed that enhanced wettability due to physicochemical seed surface modi-
fications is one of the major factors improving seed germination performance. The
stimulating effects on seed germination is frequently discussed with the ability of
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plasma to break physical dormancy by reducing seed coat hardness and increased
water permeability (e.g., [6, 54, 59, 304]). Plasma treated seeds from e.g. artichoke
[119], cumin [280], lentil [34], mimosa [59], water melon [191], mung bean [287],
pea [330], rapeseed [176], rice [45, 287], wheat [285, 379], or quinoa [96] had a
higher water uptake accompanied with faster germination (see also Tables 6.4 and
6.5).

Analysis of germination kinetics to evaluate the effects of plasma on germination
performance essentially involves visual monitoring of germination during different
time points. The counting of germinated seeds is based on the macroscopic visible
emergence of the radicle protruding from the seed [28, 163]. In studies, 1-2 mm
minimal radicle length of germinating wheat and barley, [38, 189], half of the length
of germinating soybean [175] or approximately 5 mm radicle length of germinating
rice and sunflower [150, 322] were defined for germination. The germination value
of a defined time point is presented as germination percentage or (cumulative germi-
nation percentage) and often referred as ‘germination rate’ or ‘germination potential’
in literature. Germination potential and germination rate of control and RF plasma
treated wheat seeds were determined at day 3 and at day 7 of germination, respec-
tively [139]. The values for germination rate were slightly higher compared to the
germination potential values. Here, 80 W plasma treatment influenced both germina-
tion values significantly positive in comparison to unaffected 60 and 100 W plasma
treatment. On the other hand, soybean germination potential after 3 days and germi-
nation rate after 7 days of control and plasma treated seeds did not vary from each
other [175]. This indicate that final germination was almost reached after 3 days of
germination and plasma treatment had no effect on the final germination of soybean.
Treatment of black gram seeds for 120 s with air DBD plasma under low-pressure
improved germination rate recorded at day 3 of up to 10% [31]. Moreover, obser-
vation time points and intervals vary among studies. The intervals of observation
times can range from hours to several days and observation can last up to 3 weeks
or longer. The final germination value and the speed to reach maximum germination
depends on several plant related factors such as dormancy state and age of seeds
along with plant origin and studied cultivar or variety. Soybean [175] or wheat [38]
displayed maximum germination within 3 days with >80%, irrespective of plasma
treatment. In other studies, variation in germination times and maximum germina-
tion values can be observed for the same plant species [192, 335], which can be
attributed to different applied varieties, cultivars and/or to germination conditions.
Molinaetal. [220] analyzed wheat germination after plasma treatment using different
water supply with 3, 6, and 12 ml. Interestingly, even the longest exposure time of
15 min did not impair seed germination, and seeds from all plasma treatment times
displayed the similar maximum germination close to 100% compared to controls
after three days. However, plasma treatment times below 2 min resulted in higher
germination percentage after 20 and 24 h with 6 and 12 ml water supply. Maximum
germination can be affected positively by plasma as shown for e.g., wheat, mimosa
or mulungo (Tables 6.4 and 6.5). da Silva et al. [S9] found a remarkable increase
of final germination for mimosa from 6% for untreated seeds and 50% after 3 min
air DBD treatment. Helium DBD treated mulungu seeds had 5% higher maximum
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germination after 25 days [6]. An increase of more than 10% in final germination
recorded after 10 days was observed in wheat after treatment with air DBD plasma
for 20 and 30 s [379]. The maximum germination of hemp seeds treated for 5 min
with RF air plasma under low pressure was 20% higher compared to untreated seeds
[131].

Time-resolved observation of seed germination include several observation times
until final germination value is reached, allows more detailed assumptions about
velocity and homogeneity of germination. The kinetics of germination can be
described with a sigmoidal or logistic function since the rate of germination is
not homogeneous over time. The Richard function [105, 283] has been applied to
describe plasma effects on maximum germination, median germination time, unifor-
mity and synchrony of germination in hemp [131], lamb’s quarter [304], mimosa
[59], mulungu [6], rapeseed [176], red clover [130], soybean [175], sunflower [209]
and wheat [276, 285].

Next to monitoring of seed germination via observation at several distinct time
points, biomass production such as root and shoot fresh and dry weight, lengths of
shoot and roots or total seedling lengths are frequently recorded to deduce the effects
of plasma. Furthermore, from those parameters different indices can be calculated
such as seedling vigour index, and seedling length index (e.g., [309, 330, 335, 379]).

Seedling growth was monitored for thale cress [160], radish [159, 291, 293],
sunflower [336, 390], wheat [207], and sweet basil [7]. Soybean seeds were treated
with ceramic DBD fed with argon using different voltages and incubation times, and
optimum germination was observed in the treatment with 22.1 kV for 12 s [382].
Germination was also higher for up to 1 min treatment and decreased when seeds
were treated longer than 2 min [382]. Biomass parameters (shoot and root weight and
length) were positively affected in the treatments from 12 s to 1 min and decreased
when seeds were treated longer for 2 min [382]. Besides observable positive effects,
extensive exposure of seeds to plasma can lead to inhibitory effects on germination
and seedling development (Tables 6.4 and 6.5, e.g., [136, 188, 306, 373]). These can
be attributed to high levels of radicals and reactive species within plasma such as
ozone or nitric oxides (NO,), next to heat and/or high electrical fields leading to deep
entrance of electrons to the inner parts of the seeds.

6.3.6 Plasma Effects on Seed and Plant Physiology

Despite the fact that plasma treatment can accelerate germination speed, the simplest
explanation for the frequently observed enhancement in seedling growth would be
that plasma treated seeds exhibit a time advantage and therefore, higher biomasses
of seedling shoots and roots is achieved. However, this would result in similar level
of shoot and root growth compared to untreated plants, and thus, shoot/root ratios (or
root/shoot ratios) would not be altered. A clear shift of growth to either shoot or root
could be monitored for e.g. tomato seedlings [196] and wheat [305, 347]. Moreover,
view studies noted alterations of root morphology [123, 142, 178, 196, 280]. The
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observed alterations on seedling development can be attributed to further effects
of plasma components which are different from only physicochemical modification
of the seed surface with accompanied wettability and improved imbibition. Here,
reactive oxygen and/or nitrogen species (RONS) derived from plasma are the most
versatile candidates that can trigger physiological modification and thus have impact
on seed physiology with related development and growth processes as well as stress
responses [124, 126].

Reactive oxygen species are known to play pivotal role during plant life cycle
and are involved in many responses to biotic and abiotic stress factors [121]. During
several steps of germination process reactive oxygen species are formed and play
a positive role for dormancy release [244]. Externally applied hydrogen peroxide
can stimulate pea seed germination with different effects on phytohormone levels of
ABA, auxin, SA, JA and cytokinins [24]. In general, primary metabolism, growth
and development related as well as stress relevant factors are frequently analysed in
plasma studies.

Soybean seedlings six days after seed treatment with plasma showed an increase
in levels of soluble protein, ATP, superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT), and adenosine triphosphate (ATP) and a decrease in malondialde-
hyde (MDA) [382]. Alterations in antioxidant activities in seedlings of plasma treated
seeds were found for various plant species and different plasma exposures as well
(see Tables 6.4 and 6.5). Expression of chloroplast ATP synthase subunits was
accelerated, and methylation level in ATP al, ATP bl, TOR, GRF 5, and GRF 6
genes decreased [382]. Altogether, the argon plasma used promoted germination and
growth by increasing the concentrations of soluble protein and antioxidant enzymes
and regulating the demethylation levels of ATP, TOR, and GRF.

Any observed changes in germinating seeds after plasma treatment is likely a
result of the time advantage of germination process, which may be associated with
a change in levels of phytohormones. Phytohormones such as abscisic acid (ABA)
and gibberellins (GA) are involved in regulation of germination initiation and germi-
nation process. ABA plays a role in seed dormancy (and stress responses), and
gibberellin contributes to the initiation of germination. Two phytohormones, auxin
and cytokinin, play a pivotal role during entire life cycle of plants, and ratio(s)
of phytohormones is important for seed germination and seedling development.
Moreover, these phytohormones are mandatory for development of shoots and roots.

Total cytokinin content increases during the first two days after imbibition in
germinating Tagetes minuta L. seeds and declined during further seedling growth
[326, 327]. Similarly, pea, maize, oat, and alfalfa display species specific dynamics of
cytokinin levels during germination process and seedling growth [133, 328]. Compa-
rable to phytohormone changes, levels of amino acids and sugars display different
pattern during seedling development and growth [44, 79]. Plasma treated dry seeds
showed significant changes in phytohormones content and ratios of gibberellins and
ABA as well as auxins and cytokinins [1, 99, 175, 179, 209, 256, 330].

Polyphenols are secondary metabolites and belong to markers for different kinds
of stresses such as excessive light, heat, drought, flooding etc. Phenolic contents in
upper parts of the plants were assessed in barley [319], shoot and roots of wheat
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[305], spinach [136], and pea [40] after plasma treatment. In wheat, levels of some
phenols were slightly increased while others were unchanged or even decreased.
In barley shoots, 6 min plasma treatment led to a significant increase in level of
total phenolic compounds [319]. When barley seeds were indirectly treated by DBD
driven air plasma for 6 min, increase in seedling weight and shoot length as well as
increased levels in primary and secondary metabolites, like phenols, in leaves were
observed [319].

Analysis of plasma effects on seed germination and seedling growth are mostly
undertaken under laboratory conditions. However, proof of concept of stimulating
effects of plasma on plant performance needs to be evaluated under agricultural
relevant cultivation conditions. These include growth in soil and soil-like substrates
but also cultivation in greenhouse and on fields are mandatory. Few studies exist so
far performing green house or field trials. Field trials were performed with peanut
and rape by Li et al. [176, 177], hemp [130], red clover [211], maize and wheat
[84], wheat [123, 139] and maize and pepper [381]. Important traits to evaluate the
efficiency of plasma treatment are biomass parameters that are correlated to yield
which include number of flowers, number of seeds per plant, seed weight and weight
of seeds per harvest area.

6.4 Application of Non-thermal Plasma to Food Sanitation

Food sanitation is the most actively explored area in the application of non-thermal
plasma in the food industry. The antimicrobial activity of plasma in vitro has been
demonstrated in numerous studies using food poisoning and spoiling microorganisms
in planktonic and biofilm states [290]. Furthermore, experimental data are accumu-
lating on sanitation and inactivation of microorganisms contaminating fresh produce,
packaged foods, and processed foods, by plasma [346].

6.4.1 Vegetables and Fruits

Post-harvest fruits and vegetables are most frequently examined for microbiological
sanitation using non-thermal plasma. Microbial contamination of fruits and vegeta-
bles can originate from pre-harvest infection or contamination during storage. To
improve the shelf life and storage period of harvested fruits and vegetables, it is essen-
tial to inactivate microorganisms. Non-thermal plasma can efficiently deactivate the
inoculated microbes and natural microflora on post-harvest fruits and vegetables, as
demonstrated in previous studies (Table 6.6). Therefore, it is considered a potential
tool for post-harvest sanitation. In most studies, plasma has been applied to fruits
and vegetables after artificial inoculation with microorganisms (Table 6.6). However,
there are also studies showing the plasma-mediated deactivation of natural microflora
associated with fruits and vegetables [32, 93, 107, 164, 183,221,272, 338, 363, 366].
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Regardless of whether they were inoculated or naturally contaminated with microor-
ganisms, fruits and vegetables were directly exposed to plasma flame or plasma-
generated gas. In relatively few studies, plasma-treated water has used for microbial
decontamination [363, 366]. Treatment with dry plasma compared to plasma-treated
water may be helpful in preventing the introduction of moisture, which can promote
microbial growth. Microbial inactivation by dry plasma or plasma-treated water in
post-harvest fruits and vegetables shows a proportional increase in response to the
treatment time. Roughly about 0.3-7 log CFU reduction depending on treatment
time, plasma sources, and feeding gas was observed in most studies (Table 6.6). The
difference in inactivation efficiency between bacteria and fungi was not obvious.

Various non-thermal plasma sources such as plasma jets, DBD plasma, gliding
arc plasma, corona discharge plasma, and microwave plasma are used for decon-
tamination (Table 6.6). In most of the studies, plasma was generated mostly under
atmospheric pressure. However, a group used plasma generated under low pressure
[302]. Fruits and vegetables used to analyze the antimicrobial activity of non-thermal
plasma are categorized into three groups: fresh fruits such as grape, banana, lemon,
strawberry, blueberry, palm, melon, citrus, cantaloupe, and apple; dry nuts such as
almond, hazelnut, and pistachio; and fresh vegetables such as corn salad leaves,
lettuce, tomato, carrot, black pepper, red chicory, spinach, perilla, mung bean sprout,
and argula leaves (Table 6.6). Additionally, Xu et al. [366] investigated the antimi-
crobial effects of plasma-treated water on button mushrooms and demonstrated that
mushrooms had less microorganisms and could be stored for longer after soaking in
the plasma-treated water.

Mycotoxin, a secondary metabolite produced by some fungi, is a food contam-
inant that threatens human and animal health [201]. Fruits and vegetables infected
with mycotoxin-producing fungi have recently become a major concern in food
safety [329]. Non-thermal plasma is also used to inactivate toxin-producing fungi
and remove mycotoxins. The removal and degradation of mycotoxins by plasma
in vitro have already been demonstrated in several studies [113, 253, 339]. Studies
have also demonstrated that mycotoxins associated with dry nuts and grains, partic-
ularly aflatoxin B1, are efficiently degraded by non-thermal plasma[68, 114, 273,
303]. Additionally, mycotoxin levels have been controlled by inactivating producer
fungi on fruits and vegetables using plasma. [248] observed that germination of
spores and the levels of aflatoxin B2 and ochratoxin A decreased after date palm
fruits inoculated with Aspergillus niger were exposed to a plasma jet.

Impact of plasma treatment on the quality of fruits and vegetables as food was
analyzed together with antimicrobial activity in most studies (Table 6.6). This anal-
ysis is very important to determine whether plasma doses sufficient to kill microor-
ganisms negatively affect the quality of fruits and vegetables as food. The most
frequently analyzed quality factors are color, flavor, pH, and antioxidant activity.
Studies have demonstrated that maximal antimicrobial efficiency of plasma does not
always result in no damage to the food quality of fruits and vegetables. This indi-
cates that there is an optimal plasma treatment condition (mostly treatment time) that
produces efficient antimicrobial activity without significant damage to the quality of
fruits and vegetables. It may be necessary to identify a proper point balancing between
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antimicrobial activity and food quality control, even though complete microbial
decontamination cannot be achieved.

6.4.2 Meats, Meat Products, and Fishes

Despite their high nutritional value as a protein source, meat, meat products, and fish
can be easily contaminated with microorganisms, causing food poisoning and other
foodborne diseases [62]. Non-thermal plasma has been used for the decontamina-
tion of meat and meat products such as chicken, pork, beef, ham, bacon, and eggs
(Table 6.6). Recently, seafood such as fish filets, oysters, and salmon sashimi have
been actively explored in plasma applications [47, 122, 255]. In many studies, the
antimicrobial activity of plasma was assessed on microbes inoculated onto meats
and fish. Several studies have focused on the contamination of natural microflora
[88, 275, 345]. Among microorganisms, food poisoning bacteria such as E. coli, L.
monocytogenes, Salmonella spp., and Campylobacter jejuni were more frequently
targeted than fungi (Table 6.6). Park et al. [255] inoculated the P. citrinum fungus
on filefish filets and decontaminated it with oxygen plasma. Norovirus was also
targeted for plasma-mediated decontamination. Norovirus is a pathogenic virus that
causes vomiting and acute gastroenteritis; consumption of contaminated foods is one
of the routes for disease outbreaks [284]. Several studies have shown the efficient
decontamination of beef, pork, chicken, oysters, and salmon sashimi contaminated
with norovirus of human or murine origin by plasma [15, 47, 122]. As observed in
the decontamination of fruits and vegetables, plasma flame or plasma-generated gas
generated from various plasma sources was more frequently applied to meats, meat
products, and fish than plasma-treated water or liquids (Table 6.6). Interestingly, Qian
et al. [275] found that plasma-activated lactic acid was more effective in decreasing
microbial load contaminated on chicken drumsticks than plasma-treated water.

Generally, non-thermal plasma treatment, either gaseous plasma or plasma-treated
liquid, can deactivate bacteria inoculated or contaminated on meats, meat products,
and fish, with an efficiency of 0.1-6.52 log CFU reduction depending on treatment
time and conditions. Regarding viruses, over 90% of murine norovirus and hepatitis A
virus copy numbers were reduced after plasma treatment of contaminated beef, pork,
and chicken [15]. In oysters contaminated with human norovirus, the virucidal effect
of plasma was negligible (<1 log copy number/pLL) without propidium monoazide
pre-treatment and greater (>1 log copy number/pL) with propidium monoazide pre-
treatment [47]. Huang et al. [122] found that N, plasma deactivated the human
norovirus in salmon sashimi with an efficiency of 20% reduction in copy number,
and the level of norovirus was undetectable after treatment with O, plasma.

No or minor deterioration in food quality, such as lipid peroxidation, pH, and
sensory properties (appearance, color, odor, acceptability), was observed in the
majority of studies (Table 6.6). However, Kim et al. [154] demonstrated that sensory
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quality parameters such as appearance, color, odor, and acceptability were signifi-
cantly reduced after plasma treatment of bacteria-contaminated pork loin. This indi-
cates that condition tuning or the development of methods for quality control may
be necessary for industrial and market applications.

6.4.3 Packaged Foods

Various food products and fresh produce are often distributed as packaged materials in
the market and industry. Prevention of microbial contamination during the packaging
process can play an important role in ensuring a long shelf life. Thermal treatment
is a routine method for sanitation of packaged foods. However, deterioration of food
quality has limited the range of applications of thermal sanitation. Fresh produce is
more frequently distributed in packaged states in recent markets. The demand for
non-thermal sanitation technologies has increased, particularly in the management
of packaged foods.

Non-thermal plasma has demonstrated the potential for microbial decontamina-
tion of packaged foods over the last decade. A distinguishing point in these studies
was that foods were treated with plasma generated inside the package. Recently,
Misra et al. [215] reported an excellent review of the application of non-thermal
plasma technology to the sanitation of packaged foods. In Table 6.6, studies excluding
those mentioned in Misra et al.’s review are indicated. Various designs of plasma
systems specialized for in-package treatment have been developed; a package is
placed between two electrodes, electrodes are placed on one side of the package,
and electrodes are placed inside the package [215]. In most studies, dielectric barrier
discharge (DBD) or surface dielectric barrier discharge (SDBD) plasma was used
in the treatment of packaged foods (Table 6.2) [215]. Foods inoculated with food
poisoning and spoiling bacteria are most frequently targeted for in-package plasma
treatment [215], whereas fungi and viruses have rarely been explored [169, 213,
318, 377]. Foods contaminated with natural microflora were also analyzed after in-
package plasma treatment [3, 4, 162, 189, 204, 214, 353, 387]. The efficiency of
in-package food sanitation using plasma is good; a >1 log reduction in CFU number
has been observed in most studies, and complete eradication of microorganisms has
been demonstrated in some cases [4, 103, 172, 387, 388].

In-package food quality after plasma treatment is also an important factor to be
considered. Most studies have demonstrated that in-package plasma treatment causes
minor or no changes in physiological, physical, and sensory properties (Table 6.6)
[215]. However, a recent study demonstrated that plasma treatment could result in
lipid peroxidation and significant color changes in packaged ham [369].
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6.4.4 Processed Foods

Plasma has been actively applied to the sanitation of processed foods such as juice,
milk, cheese, pepper powder, insect powder, and snacks (Table 6.6). Non-thermal
tools such as ultrasonification, UV, ionizing radiation, and electrical fields have been
applied to the sanitation of heat-sensitive foods [274]. Non-thermal plasma is also
considered a promising technology that can efficiently remove microbial contami-
nation during food processing and packaging. Liquid foods such as fruit juice and
milk have been frequent targets for plasma sanitation, and a greater than 1 log reduc-
tion in bacterial CFU number was obtained after plasma treatment (Table 6.6). In
various studies, the quality of juices and milk was not significantly affected by plasma
(Table 6.6). However, Xu et al. [365] found that direct treatment with 90 kV high
voltage atmospheric cold plasma reduced vitamin C content by 22% and pectin
methylesterase activity by 74—82% in orange juice. Muhammad et al. [231] showed
that DBD air plasma caused a significant reduction in pH, protein content, and perox-
idase activity in tiger nut milk, whereas no significant changes in soluble solids and
fat contents were observed.

The sanitation of dry foods and powders using plasma resulted in an efficient
>1 log reduction in CFUs in most cases (Table 6.6). Bacteria inoculated on sliced
cheese were efficiently inactivated in encapsulated or flexible thin-layer DBD plasma
systems, and some food qualities such as flavor, overall acceptance, and off-color
were significantly affected by plasma [374, 376]. Dry powders, such as onion powder,
black pepper powder, and insect powder, were efficiently decontaminated with no
dramatic changes in food quality [156, 173, 268]. Several studies have demonstrated
that plasma treatment can alter protein solubility and the amount of lipids, chloro-
phyll a, carotenoids, phycobilin, and total phenolic compounds in wheat flour, insect
powder, and algae powder [20, 29, 41]. Particularly, Bahrami et al. [20] observed
no significant changes in total aerobic bacterial count or total mould count in wheat
flour after treatment with 0.19 and 0.43 W/cm? air plasma.

6.5 Application of Non-thermal Plasma to Food Quality
and Functional Property

Non-thermal plasma has also been used to enhance the quality and functionality of
foods and food ingredients (Table 6.6). The quality and nutritional value of fresh
produce are investigated together during plasma sanitation to determine whether
plasma treatment can affect food quality. Color, texture, pH, proteins, carbohydrates,
vitamins, lipids, and antioxidant activity are major properties frequently analyzed
in previous studies [249]. These factors are mostly related to the taste, nutritional
value, and senescence of the fresh produce. In many studies, plasma treatment did not
cause significant damage to the quality of fresh produce. Improvement in antioxidant
activity and increase in phenolic content are often observed in lettuce, cut apples,
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potatoes, peanuts, and grapes [23, 39, 90, 98]. Rinsing with plasma-treated water can
improve the color and texture of fresh-cut endives [295]. Plasma can also increase
the speed of drying and improve the quality of raisins from fresh grapes [120].
Furthermore, studies have demonstrated that plasma can affect the quality and
functionality of food ingredients and processed food products (Table 6.6). The
redness of meat can be improved by increasing the amount of nitrite in the meat
after plasma treatment [144, 378]. The nutritional value of several herbs, such as
fenugreek, pearl millet, and lemon verbena, is also enhanced by plasma. Plasma can
facilitate the acquisition of galactomannan from fenugreek, improve the hydration of
pearl millet, and elevate the contents of monoterpene hydrocarbons and oxygenated
sesquiterpenes in lemon verbena [75, 185, 279]. Moreover, starch structure can be
modified by plasma, which can further alter the properties of starch such as solu-
bility, depolymerization, and paste viscosity, making it more suitable for food and
non-food industries [43, 314, 361, 384]. Plasma can improve the storage of soybean
and peanut oils and the functionality of wheat and soybean proteins [333, 383].
Additionally, plasma can increase depolymerization of inulin for the production of
fructooligosaccharides without changing its quality as a food ingredient [85, 236].

6.6 Conclusion and Future Perspectives

Non-thermal atmospheric- and low-pressure plasma are promising tools for several
applications, such as microbial decontamination and activation of seed germination
and growth, in the food and agriculture industries. However, the mechanisms under-
lying plasma action, standardization of applied plasma dose, and development of
industrial-scale treatments still need for intense further study. The scale addressed in
the agriculture and food industries is relatively large compared to that in the medical
field, and this should be considered when developing a plasma system. Another
future direction in plasma application may be that plasma can be explored to find
a potential solution to agricultural and food issues resulted from climatic change.
Due to climate change, the current agriculture and food industry is facing a big chal-
lenge, and improvement in stress tolerance and storage of fresh produce has received
increasing attention as emerging areas wherein plasma can be applied.

Acknowledgements This work was supported by the National Research Foundation of Korea
(NRF) (2020R1F1A1070942, 2021R1A6A1A03038785).

References

1. B. Adhikari, M. Adhikari, B. Ghimire, B.C. Adhikari, G. Park, E.H. Choi, Cold plasma seed
priming modulates growth, redox homeostasis and stress response by inducing reactive species
in tomato (Solanum lycopersicum). Free Radic. Biol. Med. 156, 57-69 (2020)



6 Agriculture and Food Processing Applications 207

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

G. Agrios, Plant Pathology, 5th edn. (Elsevier Academic Press, Burlington, MA, USA, 2005),
pp-79-103

I. Albertos, A.B. Martin-Diana, P.J. Cullen, B.K. Tiwari, K.S. Ojha, P. Bourke, D. Rico, Shelf-
life extension of herring (Clupea harengus) using in-package atmospheric plasma technology.
Innov. Food Sci. Emerg. Technol. 53, 85-91 (2019)

. L. Albertos, A.B. Martin-Diana, P.J. Cullen, B.K. Tiwari, S.K. Ojha, P. Bourke, C. Alvarez, D.

Rico, Effects of dielectric barrier discharge (DBD) generated plasma on microbial reduction
and quality parameters of fresh mackerel (Scomber scombrus) fillets. Innov. Food Sci. Emerg.
Technol. 44, 117-122 (2017)

. C. Alves-Junior, D.L.S. da Silva, J.O. Vitoriano, A.P.C.B. Barbalho, R.C. de Sousa, The water

path in plasma-treated Leucaena seeds. Seed Sci. Res. 30, 13-20 (2020)

. C. Alves Junior, J. de Oliveira Vitoriano, D.L.S. da Silva, M. de Lima Farias, N.B. de Lima

Dantas, Water uptake mechanism and germination of Erythrina velutina seeds treated with
atmospheric plasma. Sci. Rep. 6, 33722 (2016)

. PF. Ambrico, M. éimek, M. Morano, R.M.D.M. Angelini, A. Minafra, P. Trotti, M. Ambrico,

V. Prukner, F. Faretra, Reduction of microbial contamination and improvement of germination
of sweet basil (Ocimum basilicum L.) seeds via surface dielectric barrier discharge. J. Phys.
D: Appl. Phys. 50, 305401 (2017)

. PF. Ambrico, M. gimek, M. Ambrico, M. Morano, V. Prukner, A. Minafra, I. Allegretta, C.

Porfido, G.S. Senesi, R. Terzano, On the air atmospheric pressure plasma treatment effect on
the physiology, germination and seedlings of basil seeds. J. Phys. D Appl. Phys. 53, 104001
(2020)

. S.D.S. Aratjo, S. Paparella, D. Dondi, A. Bentivoglio, D. Carbonera, A. Balestrazzi, Physical

methods for seed invigoration: advantages and challenges in seed technology. Front. Plant
Sci. 7, 646 (2016)

N.K. Arora, Impact of climate change on agriculture production and its sustainable solutions.
Environ. Sustain. 2, 95-96 (2019)

Association IST, ISTA Reference pest List (2021). https://www.seedtest.org/en/ista-reference-
pest-list-_content---1--3477.html

P. Attri, K. Ishikawa, T. Okumura, K. Koga, M. Shiratani, Plasma agriculture from laboratory
to farm: a review. Processes 8, 1002 (2020)

G. Avramidis, B. Stiiwe, R. Wascher, M. Bellmann, S. Wieneke, A. von Tiedemann,
W.J.S. Viol, Fungicidal effects of an atmospheric pressure gas discharge and degradation
mechanisms. Surf. Coat. Technol. 205, S405-S408 (2010)

A. Babajani, A. Iranbakhsh, Z.0. Ardebili, B. Eslami, Seed priming with non-thermal plasma
modified plant reactions to selenium or zinc oxide nanoparticles: cold plasma as a novel
emerging tool for plant science. Plasma Chem. Plasma Process. 39, 21-34 (2019)

S.C. Bae, S.Y. Park, W. Choe, S.D. Ha, Inactivation of murine norovirus-1 and hepatitis A
virus on fresh meats by atmospheric pressure plasma jets. Food Res. Int. 76, 342-347 (2015)
M. Bafoil, A. Jemmat, Y. Martinez, N. Merbahi, O. Eichwald, C. Dunand, M. Yousfi, Effects
of low temperature plasmas and plasma activated waters on Arabidopsis thaliana germination
and growth. PLoS ONE 13, 16 (2018)

M. Bafoil, A. Le Ru, N. Merbahi, O. Eichwald, C. Dunand, M. Yousfi, New insights of low-
temperature plasma effects on germination of three genotypes of Arabidopsis thaliana seeds
under osmotic and saline stresses. Sci. Rep. 9, 10 (2019)

. M. Bafoil, M. Yousfi, C. Dunand, N. Merbahi, Effects of dielectric barrier ambient air plasma

on two Brassicaceae seeds: Arabidopsis thaliana and Camelina sativa. Int. J. Mol. Sci. 22,
9923 (2021)

H. Bagheri, S. Abbaszadeh, M. Sepandi, Simultaneous effect of cold plasma and MAP on the
quality properties of mixed nuts snack during storage. J. Food Process. Preserv. 45, 12 (2021)
N. Bahrami, D. Bayliss, G. Chope, S. Penson, T. Perehinec, I.D. Fisk, Cold plasma: a new
technology to modify wheat flour functionality. Food Chem. 202, 247-253 (2016)

M. Baier, J. Foerster, U. Schnabel, D. Knorr, J. Ehlbeck, W.B. Herppich, O. Schluter, Direct
non-thermal plasma treatment for the sanitation of fresh corn salad leaves: evaluation of


https://www.seedtest.org/en/ista-reference-pest-list-_content{-}{-}-1{-}{-}3477.html
https://www.seedtest.org/en/ista-reference-pest-list-_content{-}{-}-1{-}{-}3477.html

208

22.

23.

24.

25.

26.

217.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

H. Brust et al.

physical and physiological effects and antimicrobial efficacy. Postharvest Biol. Technol. 84,
81-87 (2013)

B.B. Baldanov, T.V. Ranzhurov, M.N. Sordonova, L.V. Budazhapov, Changes in the properties
and surface structure of grain seeds under the influence of a glow discharge at atmospheric
pressure. Plasma Phys. Rep. 46, 110-114 (2020)

Y.W. Bao, L. Reddivari, J.Y. Huang, Enhancement of phenolic compounds extraction from
grape pomace by high voltage atmospheric cold plasma. LWT-Food Sci. Technol. 133, 9
(2020)

G. Barba-Espin, P. Diaz-Vivancos, M.J. Clemente-Moreno, A. Albacete, L. Faize, M. Faize, F.
Pérez-Alfocea, J.A. Hernandez, Interaction between hydrogen peroxide and plant hormones
during germination and the early growth of pea seedlings. Plant Cell Environ. 33, 981-994
(2010)

P. Basaran, N. Basaran-Akgul, L. Oksuz, Elimination of Aspergillus parasiticus from nut
surface with low pressure cold plasma (LPCP) treatment. Food Microbiol. 25, 626-632 (2008)
J. Baskin, C. Baskin, Seed germination of gynodioecious species: theoretical considerations
and a comparison of females and hermaphrodites. Planta 252, 73 (2020)

D. Bermudez-Aguirre, E. Wemlinger, P. Pedrow, G. Barbosa-Canovas, M. Garcia-Perez,
Effect of atmospheric pressure cold plasma (APCP) on the inactivation of Escherichia coli in
fresh produce. Food Control. 34, 149-157 (2013)

J.D. Bewley, Seed germination and dormancy. Plant Cell 9, 1055-1066 (1997)

M. Beyrer, M.C. Pina-Perez, D. Martinet, W. Andlauer, Cold plasma processing of powdered
Spirulina algae for spore inactivation and preservation of bioactive compounds. Food Control.
118, 8 (2020)

M. Billah, S. Karmakar, F.B. Mina, M.N. Haque, M.M. Rashid, M.F. Hasan, U.K. Acharjee,
M.R. Talukder, Investigation of mechanisms involved in seed germination enhancement, enzy-
matic activity and seedling growth of rice (Oryza sativa L.) using LPDBD (Ar + Air) plasma.
Arch. Biochem. Biophys. 698, 108726 (2021)

M. Billah, S.A. Sajib, N.C. Roy, M.M. Rashid, M.A. Reza, M.M. Hasan, M.R. Talukder,
Effects of DBD air plasma treatment on the enhancement of black gram (Vigna mungo L.)
seed germination and growth. Arch. Biochem. Biophys. 681, 108253 (2020)

T. Bogdanov, 1. Tsonev, P. Marinova, E. Benova, K. Rusanov, M. Rusanova, 1. Atanassov, Z.
Kozéakovd, F.C. KrSma, Microwave plasma torch generated in argon for small berries surface
treatment. Appl. Sci. 8, 1870 (2018)

L. Borisjuk, H. Rolletschek, T. Neuberger, Surveying the plant’s world by magnetic resonance
imaging. Plant J. 70, 129-146 (2012)

E. Bormashenko, R. Grynyov, Y. Bormashenko, E. Drori, Cold radiofrequency plasma
treatment modifies wettability and germination speed of plant seeds. Sci. Rep. 2, 741 (2012)
E. Bormashenko, Y. Shapira, R. Grynyov, G. Whyman, Y. Bormashenko, E. Drori, Interaction
of cold radiofrequency plasma with seeds of beans (Phaseolus vulgaris). J. Exp. Bot. 66,
4013-4021 (2015)

P. Bourke, D. Ziuzina, D. Boehm, P.J. Cullen, K. Keener, The potential of cold plasma for
safe and sustainable food production. Trends Biotechnol. 36, 615-626 (2018)

M. Bragoveanu, M. Nemtanu, C. Surdu-Bob, G. Karaca, 1. Erper, Effect of glow discharge
plasma on germination and fungal load of some cereal seeds. Roman. Rep. Phys. 67, 617-624
(2015)

H. Brust, T.M.C. Nishime, N. Wannicke, T.S.M. Mui, S. Horn, A. Quade, K.D. Weltmann, A
medium-scale volume dielectric barrier discharge system for short-term treatment of cereal
seeds indicates improved germination performance with long-term effects. J. Appl. Phys. 129,
044904 (2021)

S. BuBler, J. Ehlbeck, O. Schliiter, Pre-drying treatment of plant related tissues using plasma
processed air: Impact on enzyme activity and quality attributes of cut apple and potato. Innov.
Food Sci. Emerg. Technol. 40, 78-86 (2017)

S. BuB3ler, W.B. Herppich, S. Neugart, M. Schreiner, J. Ehlbeck, S. Rohn, O. Schliiter, Impact
of cold atmospheric pressure plasma on physiology and flavonol glycoside profile of peas
(Pisum sativum ‘Salamanca’). Food Res. Int. 76, 132-141 (2015)



6 Agriculture and Food Processing Applications 209

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S. Bufiler, B.A. Rumpold, A. Frohling, E. Jander, H.M. Rawel, O.K. Schliiter, Cold atmo-
spheric pressure plasma processing of insect flour from Tenebrio molitor: Impact on micro-
bial load and quality attributes in comparison to dry heat treatment. Innov. Food Sci. Emerg.
Technol. 36, 277-286 (2016)

D. Butscher, D. Zimmermann, M. Schuppler, P.R. von Rohr, Plasma inactivation of bacterial
endospores on wheat grains and polymeric model substrates in a dielectric barrier discharge.
Food Control 60, 636-645 (2016)

S. Chaple, C. Sarangapani, J. Jones, E. Carey, L. Causeret, A. Genson, B. Duffy, P. Bourke,
Effect of atmospheric cold plasma on the functional properties of whole wheat (Triticum
aestivum L.) grain and wheat flour. Innov. Food Sci. Emerg. Technol. 66, 10 (2020)

J. Chavan, S. Kadam, D. Salunkhe, Changes in tannin, free amino acids, reducing sugars, and
starch during seed germination of low and high tannin cultivars of sorghum. J. Food Sci. 46,
638-639 (1981)

H.H. Chen, H.C. Chang, Y.K. Chen, C.L. Hung, S.Y. Lin, Y.S. Chen, An improved process
for high nutrition of germinated brown rice production: Low-pressure plasma. Food Chem.
191, 120-127 (2016)

E.J. Choi, H.W. Park, S.B. Kim, S. Ryu, J. Lim, E.J. Hong, Y.S. Byeon, H.H. Chun, Sequential
application of plasma-activated water and mild heating improves microbiological quality of
ready-to-use shredded salted kimchi cabbage (Brassica pekinensis L.). Food Control 98,
501-509 (2019)

M.S. Choi, E.B. Jeon, J.Y. Kim, E.H. Choi, J.S. Lim, J. Choi, K.S. Ha, J.Y. Kwon, S.H.
Jeong, S.Y. Park, Virucidal effects of dielectric barrier discharge plasma on human Norovirus
infectivity in fresh oysters (Crassostrea gigas). Foods 9, 13 (2020)

S. Choi, P. Puligundla, C. Mok, Corona discharge plasma jet for inactivation of Escherichia
coli O157:H7 and Listeria monocytogenes on inoculated pork and its impact on meat quality
attributes. Ann. Microbiol. 66, 685-694 (2016)

Y.-J. Chou, K.-C. Cheng, F.-C. Hsu, J.S.-B. Wu, Y. Ting, Producing high quality mung bean
sprout using atmospheric cold plasma treatment: better physical appearance and higher y-
aminobutyric acid (GABA) content. J. Sci. Food Agric. 101, 6463-6471 (2021)

S. Colejo, A. Alvarez-Ordéiiez, M. Prieto, M. Gonzalez-Raurich, M. Lépez, Evaluation of
ultraviolet light (UV), non-thermal atmospheric plasma (NTAP) and their combination for
the control of foodborne pathogens in smoked salmon and their effect on quality attributes.
Innov. Food Sci. Emerg. Technol. 50, 84-93 (2018)

R.R. Colwell, Viable but not cultivable bacteria, in Uncultivated Microorganisms, ed. by S.
Epstein (Springer, Berlin, Heidelberg, 2009), pp. 121-129

E. Commission, Commission regulation (EU 2018/1500) Concerning the non-renewal of
approval of the active substance thiram, and prohibiting the use and sale of seeds treated
with plant protection products containing thiram, in accordance with Regulation (EC) No
1107/2009 of the European Parliament and of the Council concerning the placing of plant
protection products on the market, and amending Commission Implementing Regulation (EU)
No 540/2011. E Union, editor Official J. Euro. Union Brussels 3 (2018)

M. Cooper, G. Fridman, D. Staack, A.F. Gutsol, V.N. Vasilets, S. Anandan, Y.I. Cho,
A. Fridman, A. Tsapin, Decontamination of surfaces from extremophile organisms using
nonthermal atmospheric-pressure plasmas. IEEE Trans. Plasma Sci. 37, 866-871 (2009)
D.J. Cui, Y. Yin, J.Q. Wang, Z.W. Wang, H.B. Ding, R.N. Ma, Z. Jiao, Research on the
physio-biochemical mechanism of non-thermal plasma-regulated seed germination and early
seedling development in Arabidopsis. Front. Plant Sci. 10, 12 (2019)

J. Cui, T. Zhao, L. Zou, X. Wang, Y. Zhang, Molecular dynamics simulation of S. cerevisiae
glucan destruction by plasma ROS based on ReaxFF. J. Phys. D: Appl. Phys. 51, 355401
(2018)

B.G. Dasan, I.LH. Boyaci, M. Mutlu, Inactivation of aflatoxigenic fungi (Aspergillus spp.) on
granular food model, maize, in an atmospheric pressure fluidized bed plasma system. Food
Control 70, 1-8 (2016a)



210

57.

58.

59.

60.

61.

62.

63.
. N. Dawood, Effect of RF plasma on Moringa seeds germination and growth. J. Taibah Univ.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

7.

H. Brust et al.

B.G. Dasan, M. Mutlu, I.H. Boyaci, Decontamination of Aspergillus flavus and Aspergillus
parasiticus spores on hazelnuts via atmospheric pressure fluidized bed plasma reactor. Int. J.
Food Microbiol. 216, 50-59 (2016b)

B.G. Dasan, I.H. Boyaci, M. Mutlu, Nonthermal plasma treatment of Aspergillus spp. spores
on hazelnuts in an atmospheric pressure fluidized bed plasma system: impact of process
parameters and surveillance of the residual viability of spores. J. Food Eng. 196, 139-149
(2017)

A.R.M. da Silva, M.L. Farias, D.L.S. da Silva, J.O. Vitoriano, R.C. de Sousa, C. Alves-Junior,
Using atmospheric plasma to increase wettability, imbibition and germination of physically
dormant seeds of Mimosa caesalpiniafolia. Colloids Surf. B 157, 280-285 (2017)

D.L.S. daSilva, M.D. Farias, J.D. Vitoriano, C. Alves, S.B. Torres, Use of atmospheric plasma
in germination of Hybanthus calceolaria (L.) Schulze-Menz seeds. Rev. Caatinga Mossord
31, 632-639 (2018)

R. Dauwe, R. Roulard, M. Ramos, B. Thiombiano, F. Mesnard, E. Gontier, A. Jamali, Etching
of the seed cuticle by cold plasma shortens imbibitional leakage in Linum usitatissimum L.
Ind. Crops Prod. 167, 113536 (2021)

D. Dave, A.E. Ghaly, Meat spoilage mechanisms and preservation techniques: a critical review.
Am. J. Agric. Biol. Sci. 6, 486-510 (2011)

M.J. Davies, Protein oxidation and peroxidation. Biochem. J. 473, 805-825 (2016)

Sci. 14, 279-284 (2020)

1. Debeaujon, K.M. Léon-Kloosterziel, M. Koornneef, Influence of the testa on seed dormancy,
germination, and longevity in Arabidopsis. Plant Physiol. 122, 403-414 (2000)

G. de Groot, A. Hundt, A.B. Murphy, M.P. Bange, A. Mai-Prochnow, Cold plasma treatment
for cotton seed germination improvement. Sci. Rep. 8, 10 (2018)

L. Degutyte-Fomins, G. Pauzaite, R. Zikiené, V. MildaZiene, K. Koga, M. Shiratani, Rela-
tionship between cold plasma treatment-induced changes in radish seed germination and
phytohormone balance. Jpn. J. Appl. Phys. 59, SH1001 (2020)

Y. Devi, R. Thirumdas, C. Sarangapani, R.R. Deshmukh, U.S. Annapure, Influence of cold
plasma on fungal growth and aflatoxins production on groundnuts. Food Control 77, 187-191
(2017)

M. Dhayal, S.-Y. Lee, S.-U. Park, Using low-pressure plasma for Carthamus tinctorium L.
seed surface modification. Vacuum 80, 499-506 (2006)

B.P. Dirks, D. Dobrynin, G. Fridman, Y. Mukhin, A. Fridman, J.J. Quinlan, Treatment of raw
poultry with nonthermal dielectric barrier discharge plasma to reduce Campylobacter jejuni
and Salmonella enterica. J. Food Prot. 75, 22-28 (2012)

D. Dobrin, M. Magureanu, N.B. Mandache, M.D. Ionita, The effect of non-thermal plasma
treatment on wheat germination and early growth. Innov. Food Sci. Emerg. Technol. 29,
255-260 (2015)

E. Dolezalova, P. Lukes, Membrane damage and active but nonculturable state in liquid
cultures of Escherichia coli treated with an atmospheric pressure plasma jet. Bioelectrochem-
istry 103, 7-14 (2015)

T. Dufour, Q. Gutierrez, Cold plasma treatment of seeds: deciphering the role of contact
surfaces through multiple exposures, randomizing and stirring. J. Phys. D Appl. Phys. 54,
505202 (2021)

T. Dufour, Q. Gutierrez, C. Bailly, Sustainable improvement of seeds vigor using dry atmo-
spheric plasma priming: evidence through coating wettability, water uptake, and plasma
reactive chemistry. J. Appl. Phys. 129, 084902 (2021)

M.-T. Ebadi, S. Abbasi, A. Harouni, F. Sefidkon, Effect of cold plasma on essential oil content
and composition of lemon verbena. Food Sci. Nutr. 7, 1166-1171 (2019)

Y. Elad, I. Pertot, Climate change impact on plant pathogens and plant diseases. J. Crop
Improv. 28, 99-139 (2014)

S.A. Fadhlalmawla, A.-A.H. Mohamed, J.Q.M. Almarashi, T. Boutraa, The impact of cold
atmospheric pressure plasma jet on seed germination and seedlings growth of fenugreek
(Trigonella foenum-graecum). Plasma Sci. Technol. 21, 105503 (2019)



6 Agriculture and Food Processing Applications 211

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

M. Farooq, M. Usman, F. Nadeem, H. Rehman, A. Wahid, S.M.A. Basra, K.H.M. Siddique,
Seed priming in field crops: potential benefits, adoption and challenges. Crop Pasture Sci. 70,
731-771 (2019)

F. Feng, H. Mei, P. Fan, Y. Li, X. Xu, H. Wei, M. Yan, L. Luo, Dynamic transcriptome and
phytohormone profiling along the time of light exposure in the mesocotyl of rice seedling.
Sci. Rep. 7, 11961 (2017)

J. Feng, D. Wang, C. Shao, L. Zhang, X. Tang, Effects of cold plasma treatment on alfalfa
seed growth under simulated drought stress. Plasma Sci. Technol. 20, 035505 (2018)

I. Filatova, V. Azharonok, M. Kadyrov, V. Beljavsky, A. Gvozdov, A. Shik, A. Antonuk, The
effect of plasma treatment of seeds of some grain and legumes on their sowing quality and
productivity. Rom. J. Phys. 56, 139-143 (2011)

I. Filatova, V. Azharonok, A. Shik, A. Antoniuk, N. Terletskaya, Fungicidal effects of plasma
and radio-wave pre-treatments on seeds of grain crops and legumes, in Plasma for Bio-
Decontamination, Medicine and Food Security. NATO Science for Peace and Security Series
A: Chemistry and Biology, eds. by Z. Machala et al., (Springer Science + Business Media,
Berlin, Heidelberg, 2012), pp. 469-479

LI. Filatova, V.V. Azharonok, S.V. Goncharik, V.A. Lushkevich, A.G. Zhukovsky, G.I.
Gadzhieva, Effect of RF plasma treatment on the germination and phytosanitary state of
seeds. J. Appl. Spectrosc. 81, 250-256 (2014)

1. Filatova, V. Lyushkevich, S. Goncharik, A. Zhukovsky, N. Krupenko, J. Kalatskaja, The
effect of low-pressure plasma treatment of seeds on the plant resistance to pathogens and crop
yields. J. Phys. D Appl. Phys. 53, 244001 (2020)

E.G.A. Filho, PJ. Cullen, J.M. Frias, P. Bourke, B.K. Tiwari, E.S. Brito, S. Rodrigues, F.A.N.
Fernandes, Evaluation of plasma, high-pressure and ultrasound processing on the stability of
fructooligosaccharides. Int. J. Food Sci. Technol. 51, 2034-2040 (2016)

A. Filipi¢, G. Primc, R. Zaplotnik, N. Mehle, I. Gutierrez-Aguirre, M. Ravnikar, M. Mozetic,
J. Zel, D. Dobnik, Cold atmospheric plasma as a novel method for inactivation of potato virus
Y in water samples. Food Environ. Virol. 11, 220-228 (2019)

R. Forch, H. Schoherr, A. Jenkins, Appendix C: contact angle goniometry, in Surface Design:
applications in Bioscience and Nanotechnology, eds. by R. Fcrch, H. Schenherr, A. Tobias,
A. Jenkins. (Wiley-VCH, Weinheim, 2009), pp. 471-473.

A. Frohling, J. Durek, U. Schnabel, J. Ehlbeck, J. Bolling, O. Schluter, Indirect plasma treat-
ment of fresh pork: decontamination efficiency and effects on quality attributes. Innov. Food
Sci. Emerg. Technol. 16, 381-390 (2012)

X.T. Gao, A. Zhang, P. Heroux, W. Sand, Z.Y. Sun, J.X. Zhan, C.H. Wang, S.Y. Hao, Z.Y.
Li, Z.Y. Li, Y. Guo, Y.N. Liu, Effect of dielectric barrier discharge cold plasma on pea seed
growth. J. Agric. Food Chem. 67, 10813-10822 (2019)

G.G. Gebremical, S.A. Emire, T. Berhanu, Effects of multihollow surface dielectric barrier
discharge plasma on chemical and antioxidant properties of peanut. J. Food Qual. 2019,
3702649 (2019)

M. Ghaemi, A. Majd, A. Iranbakhsh, Transcriptional responses following seed priming with
cold plasma and electromagnetic field in Salvia nemorosa L. J. Theor. Appl. Phys. 14, 323-328
(2020)

A. Gholami, N.N. Safa, M. Khoram, J. Hadian, H. Ghomi, Effect of low-pressure radio
frequency plasma on ajwain seed germination. Plasma Meed. 6, 389-396 (2016)

M. Giannoglou, P. Stergiou, P. Dimitrakellis, E. Gogolides, N.G. Stoforos, G. Katsaros, Effect
of cold atmospheric plasma processing on quality and shelf-life of ready-to-eat rocket leafy
salad. Innov. Food Sci. Emerg. Technol. 66, 6 (2020)

S.-M. Go, M.-R. Park, H.-S. Kim, W.S. Choi, R.-D. Jeong, Antifungal effect of non-thermal
atmospheric plasma and its application for control of postharvest Fusarium oxysporum decay
of paprika. Food Control 98, 245-252 (2019)

V. Gék, S. Aktop, M. Ozkan, O. Tomar, The effects of atmospheric cold plasma on inactivation
of Listeria monocytogenes and Staphylococcus aureus and some quality characteristics of
pastirma—A dry-cured beef product. Innov. Food Sci. Emerg. Technol. 56, 102188 (2019)



212

96

97.

98.

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

H. Brust et al.

. A. Gémez-Ramirez, C. Lopez-Santos, M. Cantos, J.L. Garcia, R. Molina, J. Cotrino, J.P.
Espinds, A.R. Gonzdlez-Elipe, Surface chemistry and germination improvement of Quinoa
seeds subjected to plasma activation. Sci. Rep. 7, 5924 (2017)

M.N. Groot, T. Abee, H. van Bokhorst-van de Veen, Inactivation of conidia from three
Penicillium spp. isolated from fruit juices by conventional and alternative mild preservation
technologies and disinfection treatments. Food Microbiol. 81, 108-114 (2019)

F. Grzegorzewski, J. Ehlbeck, O. Schluter, L.W. Kroh, S. Rohn, Treating lamb’s lettuce with a
cold plasma—Influence of atmospheric pressure Ar plasma immanent species on the phenolic
profile of Valerianella locusta. LWT-Food Sci. Technol. 44, 2285-2289 (2011)

. Q. Guo, Y. Wang, H. Zhang, G. Qu, T. Wang, Q. Sun, D. Liang, Alleviation of adverse effects
of drought stress on wheat seed germination using atmospheric dielectric barrier discharge
plasma treatment. Sci. Rep. 7, 16680 (2017)

L. Guo, R. Xu, L. Gou, Z. Liu, Y. Zhao, D. Liu, L. Zhang, H. Chen, M.G. Kong, Mechanism
of virus inactivation by cold atmospheric-pressure plasma and plasma-activated water. Appl.
Environ. Microbiol. 84, e00726-e818 (2018a)

Q. Guo, Y.R. Meng, G.Z. Qu, T.C. Wang, EN. Yang, D.L. Liang, S.B. Hu, Improvement of
wheat seed vitality by dielectric barrier discharge plasma treatment. Bioelectromagnetics 39,
120-131 (2018b)

C. Hallmann, M. Sorg, E. Jongejans, H. Siepel, N. Hofland, H. Schwan, W. Stenmans, A.
Miiller, H. Sumser, T. Horren, More than 75% decline over 27 years in total flying insect
biomass in protected areas. PLoS ONE 12(10), e0185809 (2017)

L. Han, D. Boehm, E. Amias, V. Milosavljevic, P.J. Cullen, P. Bourke, Atmospheric
cold plasma interactions with modified atmosphere packaging inducer gases for safe food
preservation. Innov. Food Sci. Emerg. Technol. 38, 384-392 (2016)

S.E. Hanbal, K. Takashima, S. Miyashita, S. Ando, K. Ito, M.M. Elsharkawy, T. Kaneko,
H.J. Takahashi, Atmospheric-pressure plasma irradiation can disrupt tobacco mosaic virus
particles and RNAS to inactivate their infectivity. Adv. Virol. 163, 2835-2840 (2018)

Y. Hara, Calculation of population parameters using richards function and application of
indices of growth and seed vigor to rice plants. Plant Prod. Sci. 2, 129-135 (1999)

S. Hati, M. Patel, D. Yadav, Food bioprocessing by non-thermal plasma technology. Curr.
Opin. Food Sci. 19, 85-91 (2018)

N. Hayashi, Y. Yagyu, A. Yonesu, M. Shiratani, Sterilization characteristics of the surfaces of
agricultural products using active oxygen species generated by atmospheric plasma and UV
light. Jpn. J. Appl. Phys.53, 05FR03 (2014)

N. Hayashi, R. Ono, M. Shiratani, A. Yonesu, Antioxidative activity and growth regulation of
Brassicaceae induced by oxygen radical irradiation. Jpn. J. Appl. Phys. 54, 06GDO01 (2015a)
N. Hayashi, R. Ono, S. Uchida, Growth enhancement of plant by plasma and UV light
irradiation to seeds. J. Photopolym. Sci. Technol. 28, 445448 (2015b)

M. Henselov4, 1. Slovdkov4, M. Martinka, A. Zahoranové, Growth, anatomy and enzyme
activity changes in maize roots induced by treatment of seeds with low-temperature plasma.
Biologia 67, 490-497 (2012)

C. Hertwig, A. Leslie, N. Meneses, K. Reineke, C. Rauh, O. Schluter, Inactivation of
Salmonella enteritidis PT30 on the surface of unpeeled almonds by cold plasma. Innov.
Food Sci. Emerg. Technol. 44, 242-248 (2017)

C. Hertwig, K. Reineke, J. Ehlbeck, D. Knorr, O. Schluter, Decontamination of whole black
pepper using different cold atmospheric pressure plasma applications. Food Control 55, 221—
229 (2015)

N. Hojnik, M. Modic, G. Tavcar-Kalcher, J. Babic, J.L. Walsh, U. Cvelbar, Mycotoxin
decontamination efficacy of atmospheric pressure air plasma. Toxins 11, 219 (2019)

N. Hojnik, M. Modic, D. Zigon, J. Kovac, A. Jurov, A. Dickenson, J.L. Walsh, U. Cvelbar,
Cold atmospheric pressure plasma-assisted removal of aflatoxin B-1 from contaminated corn
kernels. Plasma Process. Polym. 18, 12 (2021)

L Holubové, R. Svubovd, L Slovdkovd, B. Bokor, V. Chobotovd Krockovd, J. Rencko, F.
Uhrin, V. Medvecka, A. Zahoranov4, E. Galova, Cold atmospheric pressure plasma treatment



6 Agriculture and Food Processing Applications 213

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

of maize grains—Induction of growth, enzyme activities and heat shock proteins. Int. J. Mol.
Sci. 22, 8509 (2021) 5

T. Homola, V. Prukner, A. Artemenko, J. Hanus, O. Kylian, M. Simek, Direct treatment of
pepper (Capsicum annuum L.) and melon (Cucumis melo) seeds by amplitude-modulated
dielectric barrier discharge in air. J. Appl. Phys. 129, 193303 (2021)

L. Hoppanova, V. Medveckd, J. Dylikova, D. Hudecovd, B. Kalinidkova, S. Krystofova, A.
Zahoranova, Low-temperature plasma applications in chemical fungicide treatment reduction.
Acta Chim. Slovaca 13, 26-33 (2020)

S.I. Hosseini, N. Farrokhi, K. Shokri, M.R. Khani, B. Shokri, Cold low pressure O(2) plasma
treatment of Crocus sativus: an efficient way to eliminate toxicogenic fungi with minor effect
on molecular and cellular properties of saffron. Food Chem. 257, 310-315 (2018a)

S.I. Hosseini, S. Mohsenimehr, J. Hadian, M. Ghorbanpour, B. Shokri, Physico-chemical
induced modification of seed germination and early development in artichoke (Cynara
scolymus L.) using low energy plasma technology. Phys. Plasmas 25, 9 (2018b)

C.-C. Huang, J.S.-B. Wu, J.-S. Wu, Y. Ting, Effect of novel atmospheric-pressure jet pretreat-
ment on the drying kinetics and quality of white grapes. J. Sci. Food Agric. 99, 5102-5111
(2019a)

H. Huang, F. Ullah, D.-X. Zhou, M. Yi, Y. Zhao, Mechanisms of ROS regulation of plant
development and stress responses. Front. Plant Sci. 10, 800 (2019b)

Y.M. Huang, W.C. Chang, C.A.L. Hsu, Inactivation of norovirus by atmospheric pressure
plasma jet on salmon sashimi. Food Res. Int. 141, 7 (2021)

Y. Hui, D. Wan, Y. You, C. Shao, C. Zhong, H. Wang, Effect of low temperature plasma treat-
ment on biological characteristics and yield components of wheat seeds (Triticum aestivum
L.). Plasma Chem. Plasma Process. 40, 1555-1570 (2020)

A. Iranbakhsh, M. Ghoranneviss, Z. Oraghi Ardebili, N. Oraghi Ardebili, S. Hesami Tackallou,
H. Nikmaram, Non-thermal plasma modified growth and physiology in Triticum aestivum via
generated signaling molecules and UV radiation. Biol. Plant. 61, 702—708 (2017)
A.Iranbakhsh, Z.0. Ardebili, N.O. Ardebili, M. Ghoranneviss, N. Safari, Cold plasma relieved
toxicity signs of nano zinc oxide in Capsicum annuum cayenne via modifying growth,
differentiation, and physiology. Acta Physiol. Plant. 40, 11 (2018)

A.Iranbakhsh, Z. Oraghi Ardebili, H. Molaei, N. Oraghi Ardebili, M. Amini, Cold Plasma Up-
Regulated Expressions of WRKYI Transcription Factor and Genes Involved in Biosynthesis
of Cannabinoids in Hemp (Cannabis sativa L.). Plasma Chem. Plasma Process. 40, 527-537
(2020)

S. Iseki, H. Hashizume, F. Jia, K. Takeda, K. Ishikawa, T. Ohta, M. Ito, M. Hori, Inactivation
of Penicillium digitatum spores by a high-density ground-state atomic oxygen-radical source
employing an atmospheric-pressure plasma. Appl. Phys. Express 4, 116201 (2011)

N. Ishida, M. Koizumi, H. Kano, The NMR microscope: a unique and promising tool for plant
science. Ann. Bot. 86, 259-278 (2000)

S. Islam, F.B. Omar, S.A. Sajib, N.C. Roy, A. Reza, M. Hasan, M.R. Talukder, A.H. Kabir,
Effects of LPDBD plasma and plasma activated water on germination and growth in rapeseed
(Brassica napus). Gesunde Pflanzen 71, 175-185 (2019)

A. Ivankov, Z. Naucien¢, L. Degutyté-Fomins, R. Zikiené, I. JanuSkaitiené, A.
Malakauskiene, V. Jakstas, L. Ivanauskas, D. Romanovskaja, A. §lepetiené, I. Filatova, V.
Lyushkevich, V. Mildaziené, Changes in agricultural performance of common buckwheat
induced by seed treatment with cold plasma and electromagnetic field. Appl. Sci. 11, 4391
(2021a)

A. Ivankov, Z. Nauciene, R. Zukiene, L. Degutyte-Fomins, A. Malakauskiene, P. Kraujalis,
P.R. Venskutonis, I. Filatova, V. Lyushkevich, V. Mildaziene, Changes in growth and produc-
tion of non-psychotropic cannabinoids induced by pre-sowing treatment of hemp seeds with
cold plasma vacuum and electromagnetic field. Appl. Sci. 10, 8519 (2020)

A. Ivankov, R. Zukiene, Z. Nauciene, L. Degutyte-Fomins, 1. Filatova, V. Lyushkevich, V.
Mildaziene, The effects of red clover seed treatment with cold plasma and electromagnetic
field on germination and seedling growth are dependent on seed color. Appl. Sci. 11, 4676
(2021b)



214

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

H. Brust et al.

P.E. Jameson, P. Dhandapani, O. Novak, J. Song, Cytokinins and expression of SWEET, SUT,
CWINYV and AAP genes increase as pea seeds germinate. Int. J. Mol. Sci. 17, 2013 (2016)
D.D. Jayasena, H.J. Kim, H.I. Yong, S. Park, K. Kim, W. Choe, C. Jo, Flexible thin-layer
dielectric barrier discharge plasma treatment of pork butt and beef loin: effects on pathogen
inactivation and meat-quality attributes. Food Microbiol. 46, 51-57 (2015)

S.H. Ji, T. Kim, K. Panngom, Y. Hong, A. Pengkit, D.H. Park, M.H. Kang, S.H. Lee, J.S. Im,
J.S. Kim, H.S. Uhm, E.H. Choi, G. Park, Assessment of the effects of nitrogen plasma and
plasma-generated nitric oxide on early development of Coriandum sativum. Plasma Process.
Polym. 12, 1164-1173 (2015)

S.-H. Ji, K.-H. Choi, A. Pengkit, J.S. Im, J.S. Kim, Y.H. Kim, Y. Park, E.J. Hong, S.K. Jung,
E.-H. Choi, G. Park, Effects of high voltage nanosecond pulsed plasma and micro DBD
plasma on seed germination, growth development and physiological activities in spinach.
Arch. Biochem. Biophys. 605, 117-128 (2016)

S.H.Ji,S.H.Ki,J.H. Ahn, J.H. Shin, E.J. Hong, Y.J. Kim, E.H. Choi, Inactivation of escherichia
coli and staphylococcus aureus on contaminated perilla leaves by dielectric barrier discharge
(DBD) plasma treatment. Arch. Biochem. Biophys. 643, 3241 (2018a)

S.H.Ji, S.H. Ki, M.H. Kang, J.S. Choi, Y. Park, J. Oh, S.B. Kim, S.J. Yoo, E.H. Choi, G. Park,
Characterization of physical and biochemical changes in plasma treated spinach seed during
germination. J. Phys. D Appl. Phys. 51, 145205 (2018b)

J. Jiang, X. He, L. Li, J. Li, H. Shao, Q. Xu, R. Ye, Y. Dong, Effect of cold plasma treatment
on seed germination and growth of wheat. Plasma Sci. Technol 16, 54-58 (2014a)

J. Jiang, Y. Lu, J. Li, L. Li, X. He, H. Shao, Y. Dong, Effect of seed treatment by cold plasma
on the resistance of tomato to Ralstonia solanacearum (bacterial wilt). PLoS ONE 9, 97753
(2014b)

Y. Jiang, K. Sokorai, G. Pyrgiotakis, P. Demokritou, X. Li, S. Mukhopadhyay, T. Jin, X.
Fan, Cold plasma-activated hydrogen peroxide aerosol inactivates Escherichia coli O157:H7,
Salmonella Typhimurium, and Listeria innocua and maintains quality of grape tomato, spinach
and cantaloupe. Int. J. Food Microbiol. 249, 53-60 (2017)

J. Jiang, J. Li, Y. Dong, Effect of cold plasma treatment on seedling growth and nutrient
absorption of tomato. Plasma Sci. Technol 20, 044007 (2018)

Y.-K. Jo, J. Cho, T.-C. Tsai, D. Staack, M.-H. Kang, J.-H. Roh, D.-B. Shin, W. Cromwell, D.
Gross, A non-thermal plasma seed treatment method for management of a seedborne fungal
pathogen on rice seed. Crop Sci. 54, 796-803 (2014)

S. Jung, J. Lee, Y. Lim, W. Choe, H.I. Yong, C. Jo, Direct infusion of nitrite into meat batter
by atmospheric pressure plasma treatment. Innov. Food Sci. Emerg. Technol. 39, 113-118
(2017)

J.-P. Kamseu-Mogo, G. Kamgang-Youbi, S.A. Djepang, B.S. Tamo, S. Laminsi, Treatment
of maize seeds (Zea mays) by nonthermal plasma generated by gliding electric discharge for
application in agriculture. IEEE Trans. Plasma Sci. 49, 2318-2328 (2021)

M.H. Kang, A. Pengkit, K. Choi, S.S. Jeon, H.-W. Choi, D.B. Shin, E.H. Choi, H.S. Uhm,
G. Park, Differential inactivation of fungal spores in water and on seeds by ozone and arc
discharge plasma. PLoS ONE 10, e0139263 (2015)

K. Kartaschew, S. Baldus, M. Mischo, E. Briindermann, P. Awakowicz, M. Havenith, Cold
atmospheric-pressure plasma and bacteria: understanding the mode of action using vibrational
microspectroscopy. J. Phys. D Appl. Phys. 49, 374003 (2016)

S.J. Kays, Preharvest factors affecting appearance. Postharvest Biol. Technol. 15, 233-247
(1999)

F. Khalili, B. Shokri, M.-R. Khani, M. Hasani, F. Zandi, A. Aliahmadi, A study of the effect
of gliding arc non-thermal plasma on almonds decontamination. AIP Adv. 8, 105024 (2018)
N. Khamsen, D. Onwimol, N. Teerakawanich, S. Dechanupaprittha, W. Kanokbannakorn,
K. Hongesombut, S. Srisonphan, Rice (Oryza sativa L.) seed sterilization and germina-
tion enhancement via atmospheric hybrid nonthermal discharge plasma. ACS Appl. Mater.
Interfaces 8, 19268-19275 (2016)



6 Agriculture and Food Processing Applications 215

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

S. Khatami, A. Ahmadinia, Increased germination and growth rates of pea and Zucchini seed
by FSG plasma. J. Theor. Appl. Phys. 12, 33-38 (2018)

A. Kilonzo-Nthenge, S. Liu, S. Yannam, A. Patras, Atmospheric cold plasma inactivation of
Salmonella and Escherichia coli on the surface of golden delicious apples. Front. Nutr. 5,
120-120 (2018)

B. Kim, H. Yun, S. Jung, Y. Jung, H. Jung, W. Choe, C. Jo, Effect of atmospheric pres-
sure plasma on inactivation of pathogens inoculated onto bacon using two different gas
compositions. Food Microbiol. 28, 9-13 (2011)

H.-J. Kim, H. Yong, S. Park, W. Choe, C. Jo, Effects of dielectric barrier discharge plasma on
pathogen inactivation and the physicochemical and sensory characteristics of pork loin. Curr.
Appl. Phys. 13, 1420-1425 (2013)

J.E. Kim, D.U. Lee, S.C. Min, Microbial decontamination of red pepper powder by cold
plasma. Food Microbiol. 38, 128-136 (2014)

J.E. Kim, Y.J. Oh, M.Y. Won, K.S. Lee, S.C. Min, Microbial decontamination of onion powder
using microwave-powered cold plasma treatments. Food Microbiol. 62, 112-123 (2017a)
J.W. Kimm, P. Puligundla, C. Mok, Effect of corona discharge plasma jet on surface-borne
microorganisms and sprouting of broccoli seeds. J. Sci. Food Agric. 97, 128-134 (2017b)

S. Kitazaki, K. Koga, M. Shiratani, N. Hayashi, Growth enhancement of radish sprouts induced
by low pressure O, radio frequency discharge plasma irradiation. Jpn. J. Appl. Phys. 51,
01AEO1 (2012)

S. Kitazaki, T. Sarinont, K. Koga, N. Hayashi, M. Shiratani, Plasma induced long-term growth
enhancement of Raphanus sativus L. using combinatorial atmospheric air dielectric barrier
discharge plasmas. Curr. Appl. Phys. 14, S149-S153 (2014)

K. Koga, S. Thapanut, T. Amano, H. Seo, N. Itagaki, N. Hayashi, M. Shiratani, Simple method
of improving harvest by nonthermal air plasma irradiation of seeds of Arabidopsis thaliana
(L.). Appl. Phys. Express 9, 016201 (2016)

L. Kordas, W. Pusz, T. Czapka, R. Kacprzyk, The effect of low-temperature plasma on fungus
colonization of winter wheat grain and seed quality. Pol. J. Environ. Stud. 24, 433-438 (2015)
T.G. Kronn, K.C. Lawrence, H. Zhuang, K.L. Hiett, M.J. Rothrock, Y.W. Huang, K.M. Keener,
Z. Abdo, Nonthermal plasma system for extending shelf life of raw broiler breast fillets. Trans.
ASABE 58, 493-500 (2015)

B. Kucera, M.A. Cohn, G. Leubner-Metzger, Plant hormone interactions during seed
dormancy release and germination. Seed Sci. Res. 15, 281-307 (2005)

A. Lacombe, B. Niemira, J. Gurtler, X. Fan, J. Sites, G. Boyd, H. Chen, Atmospheric cold
plasma inactivation of aerobic microorganisms on blueberries and effects on quality attributes.
Food Microbiol. 46, 479-484 (2015)

M. Laroussi, Nonthermal decontamination of biological media by atmospheric-pressure
plasmas: review, analysis, and prospects. IEEE Trans. Plasma Sci. 30, 1409-1415 (2002)
M. Laroussi, F. Leipold, Evaluation of the roles of reactive species, heat, and UV radiation in
the inactivation of bacterial cells by air plasmas at atmospheric pressure. Int. J. Mass Spectrom.
233, 81-86 (2004)

M. Laroussi, D. Mendis, M. Rosenberg, Plasma interaction with microbes. New J. Phys. 5,
41 (2003)

K.-Y. Law, Definitions for hydrophilicity, hydrophobicity, and superhydrophobicity: getting
the basics right. J. Phys. Chem. Lett. 5, 686-688 (2014)

E.S. Lee, C.-I. Cheigh, J.H. Kang, S.Y. Lee, S.C. Min, Evaluation of in-package atmospheric
dielectric barrier discharge cold plasma treatment as an intervention technology for decon-
taminating bulk ready-to-eat chicken breast cubes in plastic containers. Appl. Sci. 10, 6301
(2020)

H. Lee, J.E. Kim, M.-S. Chung, S.C. Min, Cold plasma treatment for the microbiological
safety of cabbage, lettuce, and dried figs. Food Microbiol. 51, 74-80 (2015)

H. Lee, H.I. Yong, H.-J. Kim, W. Choe, S.J. Yoo, E.J. Jang, C. Jo, Evaluation of the micro-
biological safety, quality changes, and genotoxicity of chicken breast treated with flexible
thin-layer dielectric barrier discharge plasma. Food Sci. Biotechnol. 25, 1189-1195 (2016)



216

172.

173.

174.

175.

176.

1717.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

H. Brust et al.

H.J. Lee, H. Jung, W. Choe, J.S. Ham, J.H. Lee, C. Jo, Inactivation of Listeria monocytogenes
on agar and processed meat surfaces by atmospheric pressure plasma jets. Food Microbiol.
28, 1468-1471 (2011)

S.Y. Lee, J. In, M.S. Chung, S.C. Min, Microbial decontamination of particulate food using
a pilot-scale atmospheric plasma jet treatment system. J. Food Eng. 294, 8 (2021a)

Y. Lee, Y.Y. Lee, Y.S. Kim, K. Balaraju, Y.S. Mok, S.J. Yoo, Y. Jeon, Enhancement of seed
germination and microbial disinfection on ginseng by cold plasma treatment. J. Ginseng Res.
45, 519-526 (2021b)

L. Li, J. Jiang, J. Li, M. Shen, X. He, H. Shao, Y. Dong, Effects of cold plasma treatment on
seed germination and seedling growth of soybean. Sci. Rep. 4, 5859 (2014)

L. Li, J. Li, H. Shao, Y. Dong, Effects of low-vacuum helium cold plasma treatment on seed
germination, plant growth and yield of oilseed rape. Plasma Sci. Technol 20, 095502 (2018)
L. Li, J. Li, M. Shen, J. Hou, H. Shao, Y. Dong, J. Jiang, Improving seed germination and
peanut yields by cold plasma treatment. Plasma Sci. Technol. 18, 1027 (2016)

L. Li, J. Li, M. Shen, C. Zhang, Y. Dong, Cold plasma treatment enhances oilseed rape seed
germination under drought stress. Sci. Rep. 5, 13033 (2015)

Y.J. Li, T.C. Wang, Y.R. Meng, G.Z. Qu, Q.H. Sun, D.L. Liang, S.B. Hu, Air atmospheric
dielectric barrier discharge plasma induced germination and growth enhancement of wheat
seed. Plasma Chem. Plasma Process. 37, 1621-1634 (2017)

X. Liao, D. Liu, Q. Xiang, J. Ahn, S. Chen, X. Ye, T. Ding, Inactivation mechanisms of
non-thermal plasma on microbes: a review. Food Control 75, 83-91 (2017)

X.Y.Liao,J. Li, A.I. Muhammad, Y.J. Suo, S.G. Chen, X.Q. Ye, D.H. Liu, T. Ding, Application
of a dielectric barrier discharge atmospheric cold plasma (Dbd-Acp) for eshcerichia coli
inactivation in apple juice. J. Food Sci. 83, 401-408 (2018)

K.A. Lis, A. Boulaaba, S. Binder, Y. Li, C. Kehrenberg, J.L. Zimmermann, G. Klein, B.
Abhlfeld, Inactivation of Salmonella Typhimurium and Listeria monocytogenes on ham with
nonthermal atmospheric pressure plasma. PLoS ONE 13, e0197773 (2018)

C.-M. Liu, Y. Nishida, K. Iwasaki, K. Ting, Prolonged preservation and sterilization of fresh
plants in controlled environments using high-field plasma. IEEE Trans. Plasma Sci. 39, 717—
724 (2011)

Z.R. Liu, W.Q. Zhao, Q.A. Zhang, G.T. Gao, Y.H. Meng, Effect of cold plasma treatment on
sterilizing rate and quality of kiwi turbid juice. J. Food Process Eng. 44, 7 (2021)

R. Lokeswari, P.S. Sharanyakanth, S. Jaspin, R. Mahendran, Cold plasma effects on changes in
physical, nutritional, hydration, and pasting properties of pearl millet (Pennisetum glaucum).
IEEE Trans. Plasma Sci. 49, 1745-1751 (2021)

L. Lopez Del Egido, D. Navarro-Mird, V. Martinez-Heredia, P.E. Toorop, P.P.M. lannetta, A
spectrophotometric assay for robust viability testing of seed batches using 2,3,5-Triphenyl
Tetrazolium chloride: using Hordeum vulgare L. as a model. Front. Plant Sci. 8, 747 (2017)
M. Lépez, T. Calvo, M. Prieto, R. Migica-Vidal, I. Muro-Fraguas, F. Alba-Elias, A. Alvarez-
Ordoiiez, A review on non-thermal atmospheric plasma for food preservation: mode of action,
determinants of effectiveness, and applications. Front. Microbiol. 10, 622 (2019)
C.LoPorto, L. Sergio, F. Boari, A.F. Logrieco, V. Cantore, Cold plasma pretreatment improves
the germination of wild asparagus (Asparagus acutifolius L.) seeds. Sci. Hortic. 256, 108554
(2019)

A.Los, D. Ziuzina, S. Akkermans, D. Boehm, P.J. Cullen, J. Van Impe, P. Bourke, Improving
microbiological safety and quality characteristics of wheat and barley by high voltage
atmospheric cold plasma closed processing. Food Res. Int. 106, 509-521 (2018)

A. Los, D. Ziuzina, D. Boehm, PJ. Cullen, P. Bourke, Investigation of mechanisms involved
in germination enhancement of wheat (Triticum aestivum) by cold plasma: effects on seed
surface chemistry and characteristics. Plasma Process. Polym. 16, 1800148 (2019)

K. Lotfy, Effects of cold atmospheric plasma jet treatment on the seed germination and
enhancement growth of watermelon. Open J. Appl. Sci. 07, 705-719 (2017)

K. Lotfy, N.A. Al-Harbi, H. Abd El-Raheem, Cold atmospheric pressure nitrogen plasma jet
for enhancement germination of wheat seeds. Plasma Chem. Plasma Process. 39, 897-912
(2019)



6 Agriculture and Food Processing Applications 217

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Q. Lu, D. Liu, Y. Song, R. Zhou, J. Niu, Inactivation of the tomato pathogen Cladosporium
fulvum by an atmospheric-pressure cold plasma jet. Plasma Process. Polym. 11, 1028-1036
(2014)

F. Ma, E. Cholewa, T. Mohamed, C.A. Peterson, M. Gijzen, Cracks in the palisade cuticle of
soybean seed coats correlate with their permeability to water. Ann. Bot. 94, 213-228 (2004)
N.K. Mahnot, C.L. Mahanta, K.M. Keener, N.N. Misra, Strategy to achieve a 5-log Salmonella
inactivation in tender coconut water using high voltage atmospheric cold plasma (HVACP).
Food Chem. 284, 303-311 (2019)

M. Magureanu, R. Sirbu, D. Dobrin, M. Gidea, Stimulation of the germination and early
growth of tomato seeds by non-thermal plasma. Plasma Chem. Plasma Process. 38, 989-1001
(2018)

A. Mai-Prochnow, M. Bradbury, K. Ostrikov, A.B. Murphy, Pseudomonas aeruginosa biofilm
response and resistance to cold atmospheric pressure plasma is linked to the redox-active
molecule phenazine. PLoS ONE 10, 0130373 (2015)

A. Mai-Prochnow, M. Clauson, J. Hong, A.B. Murphy, Gram positive and Gram negative
bacteria differ in their sensitivity to cold plasma. Sci. Rep. 6, 1-11 (2016)

M. Makari, M. Hojjati, S. Shahbazi, H. Askari, Elimination of Aspergillus flavus from pista-
chio nuts with dielectric barrier discharge (DBD) cold plasma and its impacts on biochemical
indices. J. Food Qual. 2021, 12 (2021)

D. Manoharan, J. Stephen, M. Radhakrishnan, Study on low-pressure plasma system for
continuous decontamination of milk and its quality evaluation. J. Food Process. Preserv. 45,
9 (2021)

S. Marin, A.J. Ramos, G. Cano-Sancho, V. Sanchis, Mycotoxins: occurrence, toxicology, and
exposure assessment. Food Chem. Toxicol. 60, 218-237 (2013)

K. Matra, Non-thermal plasma for germination enhancement of radish seeds. Procedia
Comput. Sci. 86, 132-135 (2016)

K. Matra, Atmospheric non-thermal argon—oxygen plasma for sunflower seedling growth
improvement. Jpn. J. Appl. Phys.57, 01AGO03 (2018)

J.D. McClurkin-Moore, K.E. Ileleji, K.M. Keener, The effect of high-voltage atmospheric
cold plasma treatment on the shelf-life of distillers wet grains. Food Bioprocess Technol. 10,
1431-1440 (2017)

N. Mehle, M. Ravnikar, Plant viruses in aqueous environment-survival, water mediated
transmission and detection. Water Res. 46, 4902-4917 (2012)

D. Mehta, N. Sharma, V. Bansal, R.S. Sangwan, S.K. Yadav, Impact of ultrasonication, ultravi-
olet and atmospheric cold plasma processing on quality parameters of tomato-based beverage
in comparison with thermal processing. Innov. Food Sci. Emerg. Technol. 52, 343-349 (2019)
Y.R.Meng, G.Z. Qu, T.C. Wang, Q.H. Sun, D.L. Liang, S.B. Hu, Enhancement of germination
and seedling growth of wheat seed using dielectric barrier discharge plasma with various gas
sources. Plasma Chem. Plasma Process. 37, 1105-1119 (2017)

A.L. Mihai, D. Dobrin, M. Magureanu, M.E. Popa, Positive effect of non-thermal plasma
treatment on radish seeds. Roman. Rep. Phys. 66, 1110-1117 (2014)

V. Mildaziené, V. Aleknaviciité, R. Zﬁkiené, G. Pauzaiteé, Z. Naucieng, L. Filatova, V. Lyushke-
vich, P. Haimi, I. Tamositné, D. Baniulis, Treatment of common sunflower (Helianthus annus
L.) seeds with radio-frequency electromagnetic field and cold plasma induces changes in seed
phytohormone balance, seedling development and leaf protein expression. Sci. Rep. 9, 12
(2019)

V. Mildaziené, G. Pauzaite, Z. Nauciene, A. Malakauskiene, R. Zukiene, 1. Januskaitiene,
V. Jakstas, L. Ivanauskas, I. Filatova, V. Lyushkevich, Pre-sowing seed treatment with cold
plasma and electromagnetic field increases secondary metabolite content in purple coneflower
(Echinacea purpurea) leaves. Plasma Process. Polym. 15, 11 (2018)

V. MildaZiené, G. Pauzaité, Z. Nauciené, R. Zikiené, A. Malakauskiené, E. Norkevitiené, A.
glepetiené, V. Stukonis, V. OlSauskaité, A. Padarauskas, 1. Filatova, V. Lyuskevich, Effect of
seed treatment with cold plasma and electromagnetic field on red clover germination, growth
and content of major isoflavones. J. Phys. D Appl. Phys. 53, 264001 (2020)



218

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

H. Brust et al.

S. Milusheva, L. Nacheva, E. Benova, P. Marinova, N. Dimitrova, A. Georgieva-Hristeva,
Experiments on Plum pox virus inactivation from micropropagated plum plants through non-
thermal plasma treatment. Bitki Koruma Biilteni 60, 83-90 (2020)

S.C. Min, S.H. Roh, B.A. Niemira, J.E. Sites, G. Boyd, A. Lacombe, Dielectric barrier
discharge atmospheric cold plasma inhibits Escherichia coli O157:H7, Salmonella, Listeria
monocytogenes, and Tulane virus in Romaine lettuce. Int. J. Food Microbiol. 237, 114-120
(2016)

N.N. Misra, S. Patil, T. Moiseev, P. Bourke, J.P. Mosnier, K.M. Keener, P.J. Cullen, In-package
atmospheric pressure cold plasma treatment of strawberries. J. Food Eng. 125, 131-138 (2014)
N.N. Misra, X. Yepez, L. Xu, K. Keener, In-package cold plasma technologies. J. Food Eng.
244, 21-31 (2019)

A. Mitra, Y.-F. Li, T.G. Klampfl, T. Shimizu, J. Jeon, G.E. Morfill, J.L. Zimmermann, Inacti-
vation of surface-borne microorganisms and increased germination of seed specimen by cold
atmospheric plasma. Food Bioprocess Technol. 7, 645-653 (2014)

M. Moisan, J. Barbeau, M.-C. Crevier, J. Pelletier, N. Philip, B. Saoudi, Plasma sterilization.
methods and mechanisms. Pure Appl. Chem. 74, 349-358 (2002)

M. Moisan, J. Barbeau, S. Moreau, J. Pelletier, M. Tabrizian, L.H. Yahia, Low-temperature
sterilization using gas plasmas: a review of the experiments and an analysis of the inactivation
mechanisms. Int. J. Pharm. 226, 1-21 (2001)

R. Molina, C. Lépez-Santos, A. Gomez-Ramirez, A. Vilchez, J.P. Espinds, A.R. Gonzalez-
Elipe, Influence of irrigation conditions in the germination of plasma treated Nasturtium seeds.
Sci. Rep. 8, 16442 (2018)

R. Molina, A. Lalueza, C. Lopez-Santos, R. Ghobeira, P. Cools, R. Morent, N. de Geyter,
A R. Gonzalez-Elipe, Physicochemical surface analysis and germination at different irrigation
conditions of DBD plasma-treated wheat seeds. Plasma Process. Polym. 18, 2000086 (2021)
A.Y. Moon, S. Noh, S.Y. Moon, S. You, Feasibility study of atmospheric-pressure plasma
treated air gas package for grape’s shelf-life improvement. Curr. Appl. Phys. 16, 440-445
(2016)

F.J. Morales, History and current distribution of begomoviruses in Latin America. Adv. Virus
Res. 67, 127-162 (2006)

M. Moreau, M. Feuilloley, W. Veron, T. Meylheuc, S. Chevalier, J.-L. Brisset, N. Orange,
Gliding arc discharge in the potato pathogen Erwinia carotovora subsp. atroseptica: mecha-
nism of lethal action and effect on membrane-associated molecules. Appl. Environ. Microbiol.
73, 5904-5910 (2007)

M. Moreau, M.G. Feuilloley, N. Orange, J.L. Brisset, Lethal effect of the gliding arc discharges
on Erwinia spp. J. Appl. Microbiol. 98, 1039-1046 (2005)

M. Moritz, C. Wiacek, M. Koethe, P.G. Braun, Atmospheric pressure plasma jet treatment of
Salmonella Enteritidis inoculated eggshells. Int. J. Food Microbiol. 245, 22-28 (2017)

S. Mosovska, V. Medvecka, N. Halaszova, P. Durina, L. Valik, A. Mikulajova, A. Zahoranova,
Cold atmospheric pressure ambient air plasma inhibition of pathogenic bacteria on the surface
of black pepper. Food Res. Int. 106, 862-869 (2018)

A.Motyka, A. Dzimitrowicz, P. Jamroz, E. Lojkowska, W. Sledz, P. Pohl, Rapid eradication of
bacterial phytopathogens by atmospheric pressure glow discharge generated in contact with
a flowing liquid cathode. Biotechnol. Bioeng. 115, 1581-1593 (2018)

J. Mravlje, M. Regvar, P. Stari¢, M. Mozetic, K. Vogel-Mikus, Cold plasma affects germination
and fungal community structure of buckwheat seeds. Plants 10, 851 (2021a)

J. Mravlje, M. Regvar, K. Vogel-Miku§, Development of cold plasma technologies for surface
decontamination of seed fungal pathogens: present status and perspectives. J. Fungi 7, 650
(2021b)

L. Mraz, P. Beran, B. Serd, B. Gavril, E. Hnatiuc, Effect of low-temperature plasma treatment
on the growth and reproduction rate of some plant pathogenic bacteria. J. Plant Pathol. 96,
63-67 (2014)

A. Muhammad, L. Yang, X. Liao, D. Liu, X. Ye, S. Chen, Y. Hu, J. Wang, T. Ding, Effect of
dielectric barrier discharge plasma on background microflora and physicochemical properties
of tiger nut milk. Food Control 96, 119-127 (2019)



6 Agriculture and Food Processing Applications 219

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

Y.H. Na, G. Park, E.H. Choi, H.S. Uhm, Effects of the physical parameters of a microwave
plasma jet on the inactivation of fungal spores. Thin Soild Films 547, 125-131 (2013)

R. Nakano, K. Tashiro, R. Aijima, N. Hayashi, Effect of oxygen plasma irradiation on gene
expression in plant seeds induced by active oxygen species. Plasma Med. 6, 303-313 (2016)
C.Nalwa, A.K. Thakur, A. Vikram, R. Rane, A. Vaid, Studies on plasma treatment and priming
of seeds of bell pepper (Capsicum annuum L.). J. Appl. Nat. Sci. 9, 1505-1509 (2017)

P. Narayanasamy, Soilborne Microbial Plant Pathogens and Disease Management, Volume
Two: management of Crop Diseases. (CRC Press, Boca Raton , 2019)

R. Nastase, J.-M. Tatibouét, E. Fourré, Depolymerization of inulin in the highly reactive gas
phase of a non thermal plasma at atmospheric pressure. Plasma Process. Polym. 15, 1800067
(2018)

C.Z. Nie, X.P. Qin, Z.Q. Duan, S.S. Huang, X. Yu, Q.C. Deng, Q.S. Xiang, F. Geng, Compar-
ative structural and techno-functional elucidation of full-fat and defatted flaxseed extracts:
implication of atmospheric pressure plasma jet. J. Sci. Food Agric. 102, 823-835 (2022)

I. Niedzwiedz, A. Wasko, J. Pawlat, M. Polak-Berecka, The state of research on antimicrobial
activity of cold plasma. Pol. J. Microbiol. 68, 153-164 (2019)

B.A. Niemira, Cold plasma reduction of Salmonella and Escherichia coli O157:H7 on
Almonds using ambient pressure gases. J. Food Sci. 77, M171-M175 (2012)

T.M.C. Nishime, N. Wannicke, S. Horn, K.D. Weltmann, H. Brust, A coaxial dielectric barrier
discharge reactor for treatment of winter wheat seeds. Appl. Sci. 10, 19 (2020)

T. Nishioka, Y. Takai, M. Kawaradani, K. Okada, H. Tanimoto, T. Misawa, S. Kusakari, Seed
disinfection effect of atmospheric pressure plasma and low pressure plasma on Rhizoctonia
solani. Biocontrol Sci. 19, 99-102 (2014)

T. Nishioka, Y. Takai, T. Mishima, M. Kawaradani, H. Tanimoto, K. Okada, T. Misawa, S.
Kusakari, Low-pressure plasma application for the inactivation of the seed-borne pathogen
Xanthomonas campestris. Biocontrol Sci. 21, 37-43 (2016)

H. Nojima, R.-E. Park, J.-H. Kwon, 1. Suh, J. Jeon, E. Ha, H.-K. On, H.-R. Kim, K. Choi,
K.-H. Lee, Novel atmospheric pressure plasma device releasing atomic hydrogen: reduction
of microbial-contaminants and OH radicals in the air. J. Phys. D Appl. Phys. 40, 501 (2007)
H. Nonogaki, G.W. Bassel, J.D. Bewley, Germination—Still a mystery. Plant Sci. 179, 574—
581 (2010)

E. Noriega, G. Shama, A. Laca, M. Diaz, M.G. Kong, Cold atmospheric gas plasma disinfec-
tion of chicken meat and chicken skin contaminated with Listeria innocua. Food Microbiol.
28, 1293-1300 (2011)

A. Ochi, H. Konishi, S. Ando, K. Sato, K. Yokoyama, S. Tsushima, S. Yoshida, T. Morikawa,
T. Kaneko, H. Takahashi, Management of bakanae and bacterial seedling blight diseases in
nurseries by irradiating rice seeds with atmospheric plasma. Plant. Pathol. 66, 67-76 (2017)
T. Okumura, Y. Saito, K. Takano, K. Takahashi, K. Takaki, N. Satta, T. Fujio, Inactivation of
bacteria using discharge plasma under liquid fertilizer in a hydroponic culture system. Plasma
Med. 6, 247-254 (2016)

S.A. Ouf, A.H. Basher, A.-A.H. Mohamed, Inhibitory effect of double atmospheric pressure
argon cold plasma on spores and mycotoxin production of Aspergillus niger contaminating
date palm fruits. J. Sci. Food Agric. 95, 3204-3210 (2015)

S.K. Pankaj, Z.F. Wan, K.M. Keener, Effects of cold plasma on food quality: a review. Foods
7,21 (2018)

K. Panngom, S.H. Lee, D.H. Park, G.B. Sim, Y.H. Kim, H.S. Uhm, G. Park, E.H. Choi, Non-
thermal plasma treatment diminishes fungal viability and up-regulates resistance genes in a
plant host. PLoS ONE 9, €99300 (2014)

S. Paparella, S.S. Aratjo, G. Rossi, M. Wijayasinghe, D. Carbonera, A. Balestrazzi, Seed
priming: state of the art and new perspectives. Plant Cell Rep. 34, 1281-1293 (2015)

B.J. Park, D. Lee, J.-C. Park, L.-S. Lee, K.-Y. Lee, S. Hyun, M.-S. Chun, K.-H. Chung,
Sterilization using a microwave-induced argon plasma system at atmospheric pressure. Phys.
Plasmas 10, 4539-4544 (2003)



220

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

H. Brust et al.

B.J. Park, K. Takatori, Y. Sugita-Konishi, I.H. Kim, M.H. Lee, D.W. Han, K.H. Chung,
S.0O. Hyun, J.C. Park, Degradation of mycotoxins using microwave-induced argon plasma at
atmospheric pressure. Surf. Coat. Technol. 201, 5733-5737 (2007)

J.-C. Park, B.-J. Park, D.-W. Han, D.-H. Lee, L.-S. Lee, S.-O. Hyun, M.-S. Chun, K.-H.
Chung, A. Maki, T. Kosuke, Fungal sterilization using microwave-induced argon plasma at
atmospheric pressure. J. Microbiol. Biotechnol. 14, 188-192 (2004)

S.Y. Park, S.-D. Ha, Application of cold oxygen plasma for the reduction of Cladospo-
rium cladosporioides and Penicillium citrinum on the surface of dried filefish (Stephanolepis
cirrhifer) fillets. Int. J. Food Sci. Technol. 50, 966-973 (2015)

Y. Park, K.S. Oh, J. Oh, D.C. Seok, S.B. Kim, S.J. Yoo, M.-J. Lee, The biological effects of
surface dielectric barrier discharge on seed germination and plant growth with barley. Plasma
Process. Polym. 15, 1600056 (2018)

F. Pasquali, A.C. Stratakos, A. Koidis, A. Berardinelli, C. Cevoli, L. Ragni, R. Mancusi, G.
Manfreda, M. Trevisani, Atmospheric cold plasma process for vegetable leaf decontamination:
a feasibility study on radicchio (red chicory, Cichorium intybus L.). Food Control 60, 552-559
(2016)

G. Pauzaite, A. Malakauskiene, Z. Nauciene, R. Zukiene, 1. Filatova, V. Lyushkevich, I.
Azarko, V. Mildaziene, Changes in Norway spruce germination and growth induced by pre-
sowing seed treatment with cold plasma and electromagnetic field: short-term versus long-
term effects. Plasma Process. Polym. 15, 11 (2018)

J. Pawtat, A. Starek, A. Sujak, M. Kwiatkowski, P. Terebun, M. Budzen, Effects of atmospheric
pressure plasma generated in GlidArc reactor on Lavatera thuringiaca L. seeds’ germination.
Plasma Process. Polym. 15, 1700064 (2018a)

J. Pawlat, A. Starek, A. Sujak, P. Terebun, M. Kwiatkowski, M. Budzen, D. Andrejko, Effects
of atmospheric pressure plasma jet operating with DBD on Lavatera thuringiaca L. seeds’
germination. PLoS One 13, e0194349 (2018b)

C. Pelosi, C. Bertrand, G. Daniele, M. Coeurdassier, P. Benoit, S. Nélieu, F. Lafay, V. Bretag-
nolle, S. Gaba, E. Vulliet, C. Fritsch, Residues of currently used pesticides in soils and
earthworms: a silent threat? Agriculture. Ecosyst. Environ. 305, 107167 (2021)

K.N.M. Penado, C.L.S. Mahinay, I.B. Culaba, Effect of atmospheric plasma treatment on
seed germination of rice (Oryza sativa L.). Jpn. J. Appl. Phys. 57, 01AGO08 (2017)

S. Penfield, Revealing the water uptake pathways of seeds with high resolution magnetic
resonance imaging. New Phytol. 216, 965-966 (2017)

M.C. Pérez Piz4, L. Prevosto, C. Zilli, E. Cejas, H. Kelly, K. Balestrasse, Effects of non—
thermal plasmas on seed-borne Diaporthe/Phomopsis complex and germination parameters
of soybean seeds. Innov. Food Sci. Emerg. Technol. 49, 82-91 (2018)

M.C. Pérez-Piz, E. Cejas, C. Zilli, L. Prevosto, B. Mancinelli, D. Santa-Cruz, G. Yannarelli,
K. Balestrasse, Enhancement of soybean nodulation by seed treatment with non-thermal
plasmas. Sci. Rep. 10, 4917 (2020)

M.C. Pérez-Piza, V.N. Ibafiez, A. Varela, E. Cejas, M. Ferreyra, J.C. Chamorro-Garcés, C.
Zilli, P. Vallecorsa, B. Fina, L. Prevosto, C.F. Marfil, K.B. Balestrasse, Non-thermal plasmas
affect plant growth and DNA methylation patterns in Glycine max. J. Plant Growth Regul.
(2021a). https://doi.org/10.1007/s00344-021-10470-8

M. Petkovi, R. Svubovd, S. Kyzek, V. Medvecka, L Slovakova, A. Seveovicovd, E. Galova,
The effects of cold atmospheric pressure plasma on germination parameters, enzyme activities
and induction of DNA damage in barley. Int. J. Mol. Sci. 22, 2833 (2021b)

M.C. Pina-Perez, D. Rodrigo, C. Ellert, M. Beyrer, Surface micro discharge-cold atmo-
spheric pressure plasma processing of common house cricket Acheta domesticus powder:
antimicrobial potential and lipid-quality preservation. Front. Bioeng. Biotechnol. 9, 7 (2021)
N. Puag, Z.L. Petrovi¢, S. Zivkovié, Z. Giba, D. Grubisié, A.R. Pordevi¢, Low-temperature
plasma treatment of dry empress-tree seeds, in Plasma Processes and Polymers, eds. by R.
d’ Agostino, P. Favia, C. Oehr, M.R. Wertheimer. (Wiley, Hoboken, NJ, USA, 2005), pp. 193—
203


https://doi.org/10.1007/s00344-021-10470-8

6 Agriculture and Food Processing Applications 221

270.

271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

282.

283.
284.
285.

286.

287.

288.

289.

P. Puligundla, J.-W. Kim, C. Mok, Effect of corona discharge plasma jet treatment on decon-
tamination and sprouting of rapeseed (Brassica napus L.) seeds. Food Control 71, 376-382
(2017a)

P. Puligundla, J.-W. Kim, C. Mok, Effects of nonthermal plasma treatment on decontamination
and sprouting of radish (Raphanus sativus L.) seeds. Food Bioprocess Technol. 10, 1093-1102
(2017b)

P. Puligundla, T. Lee, C. Mok, Effect of intermittent corona discharge plasma treatment for
improving microbial quality and shelf life of kumquat (Citrus japonica) fruits. LWT 91, 8—13
(2018)

P. Puligundla, T. Lee, C. Mok, Effect of corona discharge plasma jet treatment on the degra-
dation of aflatoxin B1 on glass slides and in spiked food commodities. LWT 124, 108333
(2020)

P. Putnik, Z Kresoja, T. Bosiljkov, A. Rezek Jambrak, F.J. Barba, J.M. Lorenzo, S. Roohinejad,
D. Granato, L. Zuntar, D. Bursaé Kovagevi¢, Comparing the effects of thermal and non-thermal
technologies on pomegranate juice quality: a review. Food Chem. 279, 150-161 (2019)

J. Qian, C. Wang, H. Zhuang, M.M. Nasiru, J.H. Zhang, W.J. Yan, Evaluation of meat-quality
and myofibrillar protein of chicken drumsticks treated with plasma-activated lactic acid as a
novel sanitizer. LWT-Food Sci. Technol. 138, 9 (2021)

M.M. Rahman, S.A. Sajib, M.S. Rahi, S. Tahura, N.C. Roy, S. Parvez, M.A. Reza, M.R.
Talukder, A.H. Kabir, Mechanisms and signaling associated with LPDBD plasma mediated
growth improvement in wheat. Sci. Rep. 8, 10498 (2018)

T. Ramamurthy, A. Ghosh, G.P. Pazhani, S. Shinoda, Current perspectives on viable but
non-culturable (VBNC) pathogenic bacteria. Front. Public Health 2, 103 (2014)

P. Ranieri, N. Sponsel, J. Kizer, M. Rojas-Pierce, R. Hernandez, L. Gatiboni, A. Grunden, K.
Stapelmann, Plasma agriculture: review from the perspective of the plant and its ecosystem.
Plasma Process. Polym. 18, 2000162 (2021)

F. Rashid, Y.W. Bao, Z. Ahmed, J.Y. Huang, Effect of high voltage atmospheric cold plasma
on extraction of fenugreek galactomannan and its physicochemical properties. Food Res. Int.
138, 10 (2020)

Z. Rasooli, G. Barzin, T.D. Mahabadi, M. Entezari, Stimulating effects of cold plasma seed
priming on germination and seedling growth of cumin plant. S. Afr. J. Bot. 142, 106-113
(2021)

N. Recek, M. Holc, A. Vesel, R. Zaplotnik, P. Gselman, M. Mozeti¢, G. Primc, Germination
of Phaseolus vulgaris L. Seeds after a short treatment with a powerful RF plasma. Int. J. Mol.
Sci. 22, 6672 (2021)

C.R. Ren, G.Q. Huang, S.Q. Wang, J.X. Xiao, X.B. Xiong, H.F. Wang, Y.L. Liu, Influence of
atmospheric pressure argon plasma treatment on the quality of peanut oil. Eur. J. Lipid Sci.
Technol. 119, 7 (2017)

F.J. Richards, A flexible growth function for empirical use. J. Exp. Bot. 10, 290-301 (1959)
E. Robilotti, S. Deresinski, B.A. Pinsky, Norovirus. Clin. Microbiol. Rev. 28, 134-164 (2015)
N.C. Roy, M.M. Hasan, M.R. Talukder, M.D. Hossain, A.N. Chowdhury, Prospective appli-
cations of low frequency glow discharge plasmas on enhanced germination, growth and yield
of wheat. Plasma Chem. Plasma Process. 38, 13-28 (2018)

C.L. Riintzel, J.R. da Silva, B.A. da Silva, E.S. Moecke, V.M. Scussel, Effect of cold plasma
on black beans (Phaseolus vulgaris L.), fungi inactivation and micro-structures stability. Emir.
J. Food Agric. 31, 864-873 (2019)

S. Sadhu, R. Thirumdas, R.R. Deshmukh, U.S. Annapure, Influence of cold plasma on the
enzymatic activity in germinating mung beans (Vigna radiate). LWT-Food Sci. Technol. 78,
97-104 (2017)

N. Safari, A. Iranbakhsh, Z.0O. Ardebili, Non-thermal plasma modified growth and differenti-
ation process of Capsicum annuum PP805 Godiva in in vitro conditions. Plasma Sci. Technol.
19, 055501 (2017)

A. Sakudo, Y. Yagyu, Application of a roller conveyor type plasma disinfection device with
fungus-contaminated citrus fruits. AMB Express 11, 16 (2021)



222

290.

291.

292.

293.

294.
295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

H. Brust et al.

A. Sakudo, Y. Yagyu, T. Onodera, Disinfection and sterilization using plasma technology:
fundamentals and future perspectives for biological applications. Int. J. Mol. Sci. 20, 5216
(2019)

T. Sarinont, T. Amano, S. Kitazaki, K. Koga, G. Uchida, M. Shiratani, N. Hayashi, Growth
enhancement effects of radish sprouts: atmospheric pressure plasma irradiation versus heat
shock. J. Phys.: Conf. Ser.518, 012017 (2014)

T. Sarinont, T. Amano, K. Koga, M. Shiratani, N. Hayashi, Multigeneration effects of plasma
irradiation to seeds of Arabidopsis thaliana and Zinnia on their growth. MRS Proc. 1723

T. Sarinont, T. Amano, P. Attri, K. Koga, N. Hayashi, M. Shiratani, Effects of plasma irradia-
tion using various feeding gases on growth of Raphanus sativus L. Arch. Biochem. Biophys.
605, 129-140 (2016)

K.S. Sastry, Seed-Borne Plant Virus Diseases (Springer, Berlin, Heidelberg, 2013)

U. Schnabel, O. Handorf, H. Winter, T. Weihe, C. Weit, J. Schafer, J. Stachowiak, D. Boehm,
H. Below, P. Bourke, J. Ehlbeck, The effect of plasma treated water unit processes on the food
quality characteristics of fresh-cut endive. Front. Nutr. 7, 14 (2021)

U. Schnabel, C. Schmidt, J. Stachowiak, A. Bosel, M. Andrasch, J. Ehlbeck, Plasma processed
air for biological decontamination of PET and fresh plant tissue. Plasma Process. Polym. 15,
9 (2018)

U. Schnabel, R. Niquet, U. Krohmann, J. Winter, O. Schliiter, K.-D. Weltmann, J. Ehlbeck,
Decontamination of microbiologically contaminated specimen by direct and indirect plasma
treatment. Plasma Process. Polym. 9, 569-575 (2012)

F. Schottroff, A. Frohling, M. Zunabovic-Pichler, A. Krottenthaler, O. Schliiter, H. Jager,
Sublethal injury and viable but non-culturable (VBNC) state in microorganisms during preser-
vation of food and biological materials by non-thermal processes. Front. Microbiol. 9, 2773
(2018)

E.S. Seddighinia, A. Iranbakhsh, Z.0O. Ardebili, T.N. Satari, S. Soleimanpour, Seed priming
with cold plasma and multi-walled carbon nanotubes modified growth, tissue differentiation,
anatomy, and yield in bitter melon (Momordica charantia). J. Plant Growth Regul. 39, 87-98
(2020)

A. Segat, N.N. Misra, P.J. Cullen, N. Innocente, Effect of atmospheric pressure cold plasma
(ACP) on activity and structure of alkaline phosphatase. Food Bioprod. Process. 98, 181-188
(2016)

M. Selcuk, L. Oksuz, P. Basaran, Decontamination of grains and legumes infected with
Aspergillus spp. and Penicillum spp. by cold plasma treatment. Biores. Technol. 99, 5104-5109
(2008)

Y. Sen, B. Onal-Ulusoy, M. Mutlu, Aspergillus decontamination in hazelnuts: Evaluation
of atmospheric and low-pressure plasma technology. Innov. Food Sci. Emerg. Technol. 54,
235-242 (2019a)

Y. Sen, B. Onal-Ulusoy, M. Mutlu, Detoxification of hazelnuts by different cold plasmas and
gamma irradiation treatments. Innov. Food Sci. Emerg. Technol. 54, 252-259 (2019b)

B. Serd, M. ger}’l, V. Strafidk, P. §patenka, M. Tichy, Does cold plasma affect breaking
dormancy and seed germination? A study on seeds of lamb’s quarters (Chenopodium album
agg.). Plasma Sci. Technol. 11, 750-754 (2009)

B. Serd, P. §patenka, M. §er}’/, N. Vrchotova, I. Hruskov4, Influence of plasma treatment on
wheat and oat germination and early growth. IEEE Trans. Plasma Sci. 38, 2963-2968 (2010)
B. Serd, M. Sery, B. Gavril, I. Gajdova, Seed germination and early growth responses to seed
pre-treatment by non-thermal plasma in hemp cultivars (Cannabis sativa L.). Plasma Chem.
Plasma Process. 37, 207-221 (2017)

B. Serd, A. Zahoranova, H. Bujddkovad, M. Sery, Disinfection from pine seeds contami-
nated with Fusarium circinatum Nirenberg & O’Donnell using non-thermal plasma treatment.
Roman. Rep. Phys. 71, 701 (2019)

B. Serd, M. ger}’/, A. Zahoranovd, J. Tomekovd, Germination improvement of three pine
species (Pinus) after diffuse coplanar surface barrier discharge plasma treatment. Plasma
Chem. Plasma Process. 41, 211-226 (2021)



6 Agriculture and Food Processing Applications 223

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

M. §ery, A. Zahoranové, A. Kerdik, B. Serd, Seed germination of black pine (Pinus nigra
Arnold) after diffuse coplanar surface barrier discharge plasma treatment. IEEE Trans. Plasma
Sci. 48, 939-945 (2020)

C. Shao, D. Wang, X. Tang, L. Zhao, Y. Li, Stimulating effects of magnetized arc plasma
of different intensities on the germination of old spinach seeds. Math. Comput. Model. 58,
814-818 (2013)

M.S. Sheteiwy, J. An, M. Yin, X. Jia, Y. Guan, F. He, J. Hu, Cold plasma treatment and exoge-
nous salicylic acid priming enhances salinity tolerance of Oryza sativa seedlings. Protoplasma
256, 79-99 (2019)

D.D. Shukla, C.W. Ward, A.A. Brunt, The Potyviridae. (CAB International, Wallingford, UK
Wallingford, UK, 1994)

I. Siciliano, D. Spadaro, A. Prelle, D. Vallauri, M.C. Cavallero, A. Garibaldi, M.L. Gullino,
Use of cold atmospheric plasma to detoxify hazelnuts from aflatoxins. Toxins 8, 10 (2016)
I. Sifuentes-Nieves, G. Mendez-Montealvo, P.C. Flores-Silva, M. Nieto-Perez, G. Neira-
Velazquez, O. Rodriguez-Fernandez, E. Hernandez-Hernandez, G. Velazquez, Dielectric
barrier discharge and radio-frequency plasma effect on structural properties of starches with
different amylose content. Innov. Food Sci. Emerg. Technol. 68, 9 (2021)

D. Sikorska, E. Papierowska, J. Szatytowicz, P. Sikorski, K. Suprun, R.J. Hopkins, Variation
in leaf surface hydrophobicity of wetland plants: the role of plant traits in water retention.
Wetlands 37, 997-1002 (2017)

J. Simoncicovd, B. Kalindkova, D. Kovacik, V. Medvecka, B. Lakatos, S. KryStofova, L.
Hoppanovd, V. Paluskovd, D. Hudecova, P. Durina, Cold plasma treatment triggers antiox-
idative defense system and induces changes in hyphal surface and subcellular structures of
Aspergillus flavus. Appl. Microbiol. Biotechnol. 102, 6647-6658 (2018)

R. Singh, P. Prasad, R. Mohan, M.K. Verma, B. Kumar, Radiofrequency cold plasma treat-
ment enhances seed germination and seedling growth in variety CIM-Saumya of sweet basil
(Ocimum basilicum L.). J. Appl. Res. Med. Arom. Plants 12, 78-81 (2019)

F. Sohbatzadeh, S. Mirzanejhad, H. Shokri, M. Nikpour, Inactivation of Aspergillus flavus
spores in a sealed package by cold plasma streamers. J. Theor. Appl. Phys. 10, 99-106 (2016)
J.-S. Song, MLJ. Lee, J.E. Ra, K.S. Lee, S. Eom, HM. Ham, H.Y. Kim, S.B. Kim, J. Lim,
Growth and bioactive phytochemicals in barley (Hordeum vulgare L.) sprouts affected by
atmospheric pressure plasma during seed germination. J. Phys. D: Appl. Phys. 53, 314002
(2020)

H. Souskova, V. Scholtz, J. Juldk, D. Savicka, The fungal spores survival under the low-
temperature plasma, in Plasma for Bio-Decontamination, Medicine and Food Security, NATO
Science for Peace and Security Series A: chemistry and Biology. (Springer, Berlin, Heidelberg,
2012), pp. 57-66

K. Srakaew, A. Chingsungnoen, W. Sutthisa, A. Lakhonchai, P. Poolcharuansin, P. Chunpeng,
C. Rojviriya, K. Thumanu, S. Tunmee, Development of a multihole atmospheric plasma jet
for growth rate enhancement of broccoli seeds. Processes 9, 1134 (2021)

S. Srisonphan, Tuning surface wettability through hot carrier initiated impact ionization in
cold plasma. ACS Appl. Mater. Interfaces. 10, 11297-11304 (2018)

A. Starek, J. Pawlat, B. Chudzik, M. Kwiatkowski, P. Terebun, A. Sagan, D. Andrejko, Eval-
uation of selected microbial and physicochemical parameters of fresh tomato juice after cold
atmospheric pressure plasma treatment during refrigerated storage. Sci. Rep. 9, 8407 (2019)
A. Starek, A. Sagan, D. Andrejko, B. Chudzik, Z. Kobus, M. Kwiatkowski, P. Terebun,
J. Pawlat, Possibility to extend the shelf life of NFC tomato juice using cold atmospheric
pressure plasma. Sci. Rep. 10, 13 (2020)

V. Stépanova, P. Slavicek, J. Kelar, J. Prasil, M. Smékal, M. Stupavskd, J. Jurmanova, M.
Cernak, Atmospheric pressure plasma treatment of agricultural seeds of cucumber (Cucumis
sativus L.) and pepper (Capsicum annuum L.) with effect on reduction of diseases and
germination improvement. Plasma Process. Polym. 15, 1700076 (2018)

W.A. Stirk, J.D. Gold, O. Novédk, M. Strnad, J.V. Staden, Changes in endogenous cytokinins
during germination and seedling establishment of Tagetes minuta L. Plant Growth Regul. 47,
1-7 (2005)



224

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

H. Brust et al.

W.A. Stirk, O. Novik, E. Zizkovd, V. Motyka, M. Strnad, J. van Staden, Comparison of
endogenous cytokinins and cytokinin oxidase/dehydrogenase activity in germinating and
thermoinhibited Tagetes minuta achenes. J. Plant Physiol. 169, 696-703 (2012a)

W.A. Stirk, K. Vaclavikova, O. Novak, S. Gajdosovd, O. Kotland, V. Motyka, M. Strnad, J.
van Staden, Involvement of cis-zeatin, dihydrozeatin, and aromatic cytokinins in germination
and seedling establishment of maize, oats, and lucerne. J. Plant Growth Regul. 31, 392405
(2012b)

S.D. Stoev, Food safety and increasing hazard of mycotoxin occurrence in foods and feeds.
Crit. Rev. Food Sci. Nutr. 53, 887-901 (2013)

T. Stoldrik, M. Henselovd, M. Martinka, O. Novék, A. Zahoranov4, M. Cerndk, Effect of
Low-Temperature Plasma on the Structure of Seeds, Growth and Metabolism of Endogenous
Phytohormones in Pea (Pisum sativum L.). Plasma Chem. Plasma Process. 35, 659-676 (2015)
E. Stoftels, Y. Sakiyama, D.B. Graves, Cold atmospheric plasma: charged species and their
interactions with cells and tissues. IEEE Trans. Plasma Sci. 36, 1441-1457 (2008)

K. Suhem, N. Matan, M. Nisoa, N. Matan, Inhibition of Aspergillus flavus on agar media and
brown rice cereal bars using cold atmospheric plasma treatment. Int. J. Food Microbiol. 161,
107-111 (2013)

ES. Sun, X.X. Xie, Y.F. Zhang, M.Y. Ma, Y.Q. Wang, J.W. Duan, X.P. Lu, G.X. Yang, G.Y.
He, Wheat gliadin in ethanol solutions treated using cold air plasma at atmospheric pressure.
Food Biosci. 39, 11 (2021)

R. Svubovd, S. Kyzek, V. Medvecka, L Slovikova, E. Galova, A. Zahoranovd, Novel insight
at the effect of cold atmospheric pressure plasma on the activity of enzymes essential for the
germination of pea (Pisum sativum L. cv. Prophet) seeds. Plasma Chem. Plasma Process. 40,
1221-1240 (2020)

R. Svubovd, L Slovikovd, L Holubovd, D. Roviianovd, E. Galovd, J. Tomekové, Evaluation
of the impact of cold atmospheric pressure plasma on soybean seed germination. Plants 10,
177 (2021)

I. Tamositné, D. Gelvonauskiené, P. Haimi, V. Mildaziené, K. Koga, M. Shiratani, D. Bani-
ulis, Cold plasma treatment of sunflower seeds modulates plant-associated microbiome and
stimulates root and lateral organ growth. Front. Plant Sci. 11, 568924 (2020)

Y. Tanakaran, V. Luang-In, K. Matra, Effect of atmospheric pressure multicorona air plasma
and plasma-activated water on germination and growth of rat-tailed radish seeds. IEEE Trans.
Plasma Sci. 49, 563-572 (2021)

S. Tappi, G. Gozzi, L. Vannini, A. Berardinelli, S. Romani, L. Ragni, P. Rocculi, Cold plasma
treatment for fresh-cut melon stabilization. Innov. Food Sci. Emerg. Technol. 33, 225-233
(2016)

L. Ten Bosch, K. Pfohl, G. Avramidis, S. Wieneke, W. Viol, P. Karlovsky, Plasma-based
degradation of mycotoxins produced by Fusarium, Aspergillus and Alternaria species. Toxins
9,97 (2017)

P. Terebun, M. Kwiatkowski, A. Starek, S. Reuter, Y.S. Mok, J. Pawtlat, Impact of short time
atmospheric plasma treatment on onion seeds. Plasma Chem. Plasma Process. 41, 559-571
(2021)

M. Thisawech, O. Saritnum, W. Phakham, K. Prakrajang, S. Sarapirom, Effects of plasma
technique and gamma irradiation on seed germination and seedling growth of chili pepper.
Chiang Mai J. Sci. 47, 73-82 (2020)

J. Tomekova, S. Kyzek, V. Medvecka, E. Gilova, A. Zahoranova, Influence of cold atmospheric
pressure plasma on pea seeds: DNA damage of seedlings and optical diagnostics of plasma.
Plasma Chem. Plasma Process. 40, 1571-1584 (2020)

J. Tong, R. He, X. Zhang, R. Zhan, W. Chen, S. Yang, Effects of atmospheric pressure air
plasma pretreatment on the seed germination and early growth of Andrographis paniculata.
Plasma Sci. Technol. 16, 260-266 (2014)

Y. Toyokawa, Y. Yagyu, T. Misawa, A. Sakudo, A new roller conveyer system of non-
thermal gas plasma as a potential control measure of plant pathogenic bacteria in primary
food production. Food Control 72, 62-72 (2017)



6 Agriculture and Food Processing Applications 225

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

N. Ulbin-Figlewicz, E. Brychcy, A. Jarmoluk, Effect of low-pressure cold plasma on surface
microflora of meat and quality attributes. J. Food Sci. Technol. 52, 1228-1232 (2015)

C. Varilla, M. Marcone, G.A. Annor, Potential of cold plasma technology in ensuring the
safety of foods and agricultural produce: a review. Foods 9, 1435 (2020)

I. Velichko, I. Gordeev, A. Shelemin, D. Nikitin, J. Brinar, P. Pleskunov, A. Choukourov, K.
Pazderd, J. Pulkrabek, Plasma jet and dielectric barrier discharge treatment of wheat seeds.
Plasma Chem. Plasma Process. 39, 913-928 (2019)

A.G. Volkov, J.S. Hairston, J. Marshall, A. Bookal, A. Dholichand, D. Patel, Plasma seeds: cold
plasma accelerates Phaseolus vulgaris seed imbibition, germination, and speed of seedling
growth. Plasma Med. 10, 139-158 (2020)

A.G. Volkov, J.S. Hairston, D. Patel, R.P. Gott, K.G. Xu, Cold plasma poration and corrugation
of pumpkin seed coats. Bioelectrochemistry 128, 175-185 (2019)

Z.Wan, S K. Pankaj, C. Mosher, K.M. Keener, Effect of high voltage atmospheric cold plasma
on inactivation of Listeria innocua on Queso Fresco cheese, cheese model and tryptic soy
agar. LWT 102, 268-275 (2019)

Z.F. Wan, N.N. Misra, G. Li, K.M. Keener, High voltage atmospheric cold plasma treatment
of Listeria innocua and Escherichia coli K-12 on Queso Fresco (fresh cheese). LWT-Food
Sci. Technol. 146, 10 (2021)

J. Wang, D. Cui, L. Wang, M. Du, Y. Yin, R. Ma, H. Sun, Z. Jiao, Atmospheric pressure
plasma treatment induces abscisic acid production, reduces stomatal aperture and improves
seedling growth in Arabidopsis thaliana. Plant Biol. 23, 564-573 (2021)

J.M. Wang, H. Zhuang, A. Hinton, J.H. Zhang, Influence of in-package cold plasma treatment
on microbiological shelf life and appearance of fresh chicken breast fillets. Food Microbiol.
60, 142-146 (2016)

Y. Wang, T. Wang, Y. Yuan, Y. Fan, K. Guo, T. Yue, Inactivation of yeast in apple juice using
gas-phase surface discharge plasma treatment with a spray reactor. LWT 97, 530-536 (2018)
N. Wannicke, R. Wagner, J. Stachowiak, T.M.C. Nishime, J. Ehlbeck, K.-D. Weltmann, H.
Brust, Efficiency of plasma-processed air for biological decontamination of crop seeds on the
premise of unimpaired seed germination. Plasma Process. Polym. 18, 2000207 (2021)

A. Waskow, J. Betschart, D. Butscher, G. Oberbossel, D. K16ti, A. Biittner-Mainik, J. Adamcik,
PR. von Rohr, M. Schuppler, Characterization of efficiency and mechanisms of cold atmo-
spheric pressure plasma decontamination of seeds for sprout production. Front. Microbiol. 9,
3164 (2018)

A. Waskow, D. Butscher, G. Oberbossel, D. Kloti, PR. von Rohr, A. Biittner-Mainik, D.
Drissner, M. Schuppler, Low-energy electron beam has severe impact on seedling development
compared to cold atmospheric pressure plasma. Sci. Rep. 11, 16373 (2021)

A. Wiktor, B. Hrycak, M. Jasinski, K. Rybak, M. Kieliszek, K. Krasniewska, D. Witrowa-
Rajchert, Impact of atmospheric pressure microwave plasma treatment on quality of selected
spices. Appl. Sci. 10, 6815 (2020)

M.Y. Won, S.J. Lee, S.C. Min, Mandarin preservation by microwave-powered cold plasma
treatment. Innov. Food Sci. Emerg. Technol. 39, 25-32 (2017)

M. Wu, C. Liu, C. Chiang, Y. Lin, Y. Lin, Y. Chang, J. Wu, Inactivation effect of Colletotrichum
gloeosporioides by long-lived chemical species using atmospheric-pressure corona plasma-
activated water. IEEE Trans. Plasma Sci. 47, 1100-1104 (2019a)

T.-Y. Wu, C.-R. Chang, T.-J. Chang, Y.-J. Chang, Y. Liew, C.-F. Chau, Changes in physic-
ochemical properties of corn starch upon modifications by atmospheric pressure plasma jet.
Food Chem. 283, 46-51 (2019b)

Q. Xia, B.D. Green, Z. Zhu, Y. Li, S.M.T. Gharibzahedi, S. Roohinejad, F.J. Barba, Innovative
processing techniques for altering the physicochemical properties of wholegrain brown rice
(Oryza sativa L.)—Opportunities for enhancing food quality and health attributes. Crit. Rev.
Food Sci. Nutr. 59, 3349-3370 (2019)

Q. Xiang, X. Liu, S. Liu, Y. Ma, C. Xu, Y. Bai, Effect of plasma-activated water on microbial
quality and physicochemical characteristics of mung bean sprouts. Innov. Food Sci. Emerg.
Technol. 52, 49-56 (2019)



226

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

371.

378.

379.

380.

H. Brust et al.

H. Xu, Y. Zhu, M. Du, Y. Wang, S. Ju, R. Ma, Z. Jiao, Subcellular mechanism of microbial
inactivation during water disinfection by cold atmospheric-pressure plasma. Water Res. 188,
116513 (2021)

L. Xu, A.L. Garner, B. Tao, K.M. Keener, Microbial inactivation and quality changes in
orange juice treated by high voltage atmospheric cold plasma. Food Bioprocess Technol. 10,
1778-1791 (2017)

Y.Y. Xu, Y. Tian, R.N. Ma, Q.H. Liu, J. Zhang, Effect of plasma activated water on the
postharvest quality of button mushrooms, Agaricus bisporus. Food Chem. 197, 436444
(2016)

Z. Xu, C. Cheng, J. Shen, Y. Lan, S. Hu, W. Han, PK. Chu, In vitro antimicrobial effects
and mechanisms of direct current air-liquid discharge plasma on planktonic Staphylococcus
aureus and Escherichia coli in liquids. Bioelectrochemistry 121, 125-134 (2018)

B. Yadav, A.C. Spinelli, B.N. Govindan, Y.Y. Tsui, L.M. McMullen, M.S. Roopesh, Cold
plasma treatment of ready-to-eat ham: Influence of process conditions and storage on
inactivation of Listeria innocua. Food Res. Int. 123, 276-285 (2019)

B. Yadav, A.C. Spinelli, N.N. Misra, Y.Y. Tsui, L.M. McMullen, M.S. Roopesh, Effect of in-
package atmospheric cold plasma discharge on microbial safety and quality of ready-to-eat
ham in modified atmospheric packaging during storage. J. Food Sci. 85, 1203-1212 (2020)
Y. Yagyu, Y. Hatayama, N. Hayashi, T. Mishima, T. Nishioka, A. Sakudo, T. Ihara, T. Ohshima,
H. Kawasaki, Y. Suda, Direct plasma disinfection of green mold spore on citrus by atmospheric
pressure dielectric barrier discharge for agricultural applications. Trans. Mater. Res. Soc. Jpn
41, 127-130 (2016)

S. Yawirach, S. Sarapirom, K. Janpong, The effects of dielectric barrier discharge atmospheric
air plasma treatment to germination and enhancement growth of sunflower seeds. J. Phys:
Conf. Ser. 1380, 012148 (2019)

X.V. Yepez, K.M. Keener, High-voltage atmospheric atmospheric cold plasma (HVACP)
hydrogenation of soybean oil without trans-fatty acids. Innov. Food Sci. Emerg. Technol. 38,
169-174 (2016)

S. Yodpitak, S. Mahatheeranont, D. Boonyawan, P. Sookwong, S. Roytrakul, O. Norkaew,
Cold plasma treatment to improve germination and enhance the bioactive phytochemical
content of germinated brown rice. Food Chem. 289, 328-339 (2019)

H.I. Yong, H.-J. Kim, S. Park, A.U. Alahakoon, K. Kim, W. Choe, C. Jo, Evaluation
of pathogen inactivation on sliced cheese induced by encapsulated atmospheric pressure
dielectric barrier discharge plasma. Food Microbiol. 46, 46-50 (2015a)

H.I. Yong, H.J. Kim, S. Park, W. Choe, M.W. Oh, C. Jo, Evaluation of the treatment of both
sides of raw chicken breasts with an atmospheric pressure plasma jet for the inactivation of
Escherichia coli. Foodborne Pathog. Dis. 11, 652-657 (2014)

H.I. Yong, H.J. Kim, S. Park, K. Kim, W. Choe, S.J. Yoo, C. Jo, Pathogen inactivation and
quality changes in sliced cheddar cheese treated using flexible thin-layer dielectric barrier
discharge plasma. Food Res. Int. 69, 57-63 (2015a)

H.I. Yong, H. Lee, S. Park, J. Park, W. Choe, S. Jung, C. Jo, Flexible thin-layer plasma
inactivation of bacteria and mold survival in beef jerky packaging and its effects on the meat’s
physicochemical properties. Meat Sci. 123, 151-156 (2017)

H.I. Yong, S.H. Lee, S.Y. Kim, S. Park, J. Park, W. Choe, C. Jo, Color development, phys-
iochemical properties, and microbiological safety of pork jerky processed with atmospheric
pressure plasma. Innov. Food Sci. Emerg. Technol. 53, 78-84 (2019)

A. Zahoranova, M. Henselova, D. Hudecova, B. Kalindkova, D. Kovacik, V. Medvecka, M.
Cernak, Effect of cold atmospheric pressure plasma on the wheat seedlings vigor and on
the inactivation of microorganisms on the seeds surface. Plasma Chem. Plasma Process. 36,
397-414 (2016)

A. Zahoranov4, L. Hoppanov4, J. Simoncicov4, Z. Tuéekov4, V. Medveck4, D. Hudecov4, B.
Kalifidkovd, D. Kovacik, M. Cernak, Effect of cold atmospheric pressure plasma on maize
seeds: enhancement of seedlings growth and surface microorganisms inactivation. Plasma
Chem. Plasma Process. 38, 969-988 (2018)



6 Agriculture and Food Processing Applications 227

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

B. Zhang, R. Li, J. Yan, Study on activation and improvement of crop seeds by the application
of plasma treating seeds equipment. Arch. Biochem. Biophys. 655, 37-42 (2018)

J.J. Zhang, J.0O. Jo, D.L. Huynh, R.K. Mongre, M. Ghosh, A.K. Singh, S.B. Lee, Y.S. Mok,
P. Hyuk, D.K. Jeong, Growth-inducing effects of argon plasma on soybean sprouts via the
regulation of demethylation levels of energy metabolism-related genes. Sci. Rep. 7, 41917
(2017)

Q.Z. Zhang, Z.Z. Cheng, J.H. Zhang, M.M. Nasiru, Y.B. Wang, L.L. Fu, Atmospheric cold
plasma treatment of soybean protein isolate: insights into the structural, physicochemical, and
allergenic characteristics. J. Food Sci. 86, 68—77 (2021)

Y. Zhou, Y. Yan, M. Shi, Y. Liu, Effect of an atmospheric pressure plasma jet on the structure
and physicochemical properties of waxy and normal maize starch. Polymers 11, 8 (2019)
M. Zhu, S. Dai, Q. Ma, S. Li, Identification of the initial water-site and movement in Gleditsia
sinensis seeds and its relation to seed coat structure. Plant Methods 17, 55 (2021)

H. Zhuang, M.J. Rothrock Jr., K.L. Hiett, K.C. Lawrence, G.R. Gamble, B.C. Bowker, K.M.
Keener, In-package air cold plasma treatment of chicken breast meat: treatment time effect.
J. Food Qual. 2019, 1837351 (2019)

D. Ziuzina, N.N. Misra, P.J. Cullen, K.M. Keener, J.P. Mosnier, I. Vilar6, E. Gaston, P.
Bourke, Demonstrating the potential of industrial scale in-package atmospheric cold plasma
for decontamination of cherry tomatoes. Plasma Med. 6, 397-412 (2016)

D. Ziuzina, S. Patil, P.J. Cullen, K.M. Keener, P. Bourke, Atmospheric cold plasma inactivation
of Escherichia coli, Salmonella enterica serovar Typhimurium and Listeria monocytogenes
inoculated on fresh produce. Food Microbiol. 42, 109-116 (2014)

S. Zivkovié, N. Puag, Z. Giba, D. Grubisi¢, Z.L. Petrovié, The stimulatory effect of non-
equilibrium (low temperature) air plasma pretreatment on light-induced germination of
Paulownia tomentosa seeds. Seed Sci. Technol. 32, 693-701 (2004)

R. Zukiene, Z. Nauciene, 1. Januskaitiene, G. Pauzaite, V. Mildaziene, K. Koga, M. Shiratani,
Dielectric barrier discharge plasma treatment-induced changes in sunflower seed germination,
phytohormone balance, and seedling growth. Appl. Phys. Express 12, 126003 (2019)



Chapter 7 ®)
Plasma Devices for Cosmetic Geda
and Aesthetic Treatment
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7.1 Plasma Devices

Plasma medicine is a relatively new scientific discipline that employs nonthermal
atmospheric plasmas for a variety of applications including sterilization, dental care,
cosmetics and skin disorders, wound therapy, blood coagulation, and, more recently,
cancer treatment. Plasma sources for plasma medicine are commonly operated in
air, argon, or helium with little air contaminants. As a result, they produce reactive
oxygen and nitrogen species (RONS), such as OH, O,e¢, O, NO, H,0,, NO,, NOs,
ONOO, NO,, ONOOQO, which are thought to be responsible for plasma’s biological
effects. Although CAP appears to be a potential anti-cancer drug, direct irradiation
of cancer cells or tissue by CAP has significant limitations, including the necessity
for a consistent plasma supply and the possibility of a rapid temperature rise during
therapy. Furthermore, it is inconvenient for many cancer kinds throughout the body.

There are four types of plasma discharge: floating electrode technique with ground
electrode, non-floating electrode method without ground electrode, jet type, and DBD
type. A plasma jet is a basic plasma source that uses a hollow cathode construction.
The driving frequency is roughly 10 kHz, while the high frequency ranges from 10
to 100 MHz, and microwave plasma jet stations are categorized based on frequency.
The DBD technique involves covering both electrodes with a dielectric substance
and creating a discharge in the gap between the two electrodes. The discharge at the
surface DBD is constructed using two electrodes on a substrate and a high current
delivered to the electrodes to create plasma discharge. The floating electrode tech-
nique is a discharge method that uses skin as a ground electrode instead of the ground
electrode mentioned above.
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7.2 Opportunities for Plasma Devices
in Cosmetics/Aesthetics Applications

Nonthermal atmospheric pressure plasma is an innovative technique that has opened
up new research avenues in cancer therapy and other medical sectors such as dental
brightening, wound treatments, and skin care. The plasma device produces plasma
by combining various gases or by employing a high voltage and current. Ionized
gas molecules, electrons, excited atoms, ultraviolet (UV) radiation, electromag-
netic fields, and other particles are among the plasma particles released. Plasma
devices caused reactive atoms to connect with one another, as well as reactive oxygen
and nitrogen species (RONS). Plasma-generated reactive species have physiological
features that may encourage therapeutic uses for skin therapy.

Since the 1990s, plasma has been employed as one of the sterilizing procedures
for medical devices. Plasma sterilization has the benefit of providing safe and non-
toxic dry pasteurization. Following sterilization, the charged particles produce active
oxygen via ion reactions while producing water and oxygen. When free oxygen is
provided to microorganisms, bacteria, viruses, and fungus can perish effectively.
Plasma has recently been shown to have anticancer properties in several tumors such
as the brain, breast, prostate, ovaries, and lungs. Several medical gadgets that utilize
plasma needles have also been reported.

A technique of processing plasma particles under three-dimensional settings may
be constructed with appropriate physical components and mechanical cavity elements
in the case of cosmetics and aesthetics. Skin treatment method development is also
critical for effective beauty and medicinal applications. It was recently suggested
that plasma might be to blame. Plasma-induced RONS production causes skin cell
differentiation and proliferation. There is, however, no evidence to support plasma
therapy for skin cell differentiation.

The skin’s barrier system not only protects against antigens and hazardous chem-
icals, but it also prevents medications and cosmetics from penetrating the dermis.
Several technologies, including the use of chemicals and skin ablation devices, have
been developed to improve the absorption capacity of skin for cosmetics. The cost
and inconvenience of these measures, on the other hand, underline the need for an
unique and safe means of enhancing skin absorption.

The influence of low temperature atmospheric pressure plasma (LTAPP) on drug
penetration through the skin and its mode of action [1]. HaCaT human keratinocytes
and hairless mice were treated with LTAPP, and cellular and tissue gene expres-
sion, as well as morphological alterations, were studied [1]. They discovered that
LTAPP exposure decreased E-cadherin expression in skin cells, resulting in the loss
of cell-cell connections. LTAPP also inhibited E-cadherin expression and impeded
intercellular connection formation inside the tissue, resulting in increased absorp-
tion of hydrophilic substances, eosin, and epidermal growth factor. Within 3 h of
LTAPP exposure, the drop in E-cadherin expression and epidermal barrier function
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had entirely restored. These findings suggest that LTAPP can cause a transient reduc-
tion in skin barrier function by altering E-cadherin-mediated intercellular contacts,
resulting in improved transdermal medication and cosmetic delivery.

The combination of nonthermal atmospheric pressure plasma with 15% CP is
more effective for teeth bleaching than traditional light sources. The temperature
of the tooth surface was kept about 37 °C, showing that the plasma did not cause
any thermal damage to the tooth. The use of plasma had no structural effects on
the bleached surface. Nonthermal atmospheric pressure plasma has been shown to
be harmless to bleached enamel. As a result, plasma tooth bleaching treatments
constitute a cosmetic dentistry technology with several potential practical uses [2].

Foster presented the first commercial plasma system, the Portrait_ PSR, and
reviewed early in vivo therapy outcomes. The Portrait_ PSR is essentially a nitrogen-
generated radio frequency plasma jet. A high energy therapy (3—4 J) resulted in regu-
lated skin damage. After 10 days, the epidermis had entirely recovered. They also
demonstrated continued collagen formation, elastosis decrease, and gradual skin reju-
venation one year following the therapy. Patients experienced a 60% improvement
in skin texture, including wrinkle reduction and skin tone enhancement [3].

The application of plasma to the nail surface via a specially constructed prototype
enables the longer-lasting nail polish touted by many traditional nail varnish makers
in commercials. This innovative, working prototype is simple to use and low-cost; it
is also portable due to its battery power. The goal of this paper is to investigate the
changes in fingernails caused by plasma utilizing surface analysis methodologies.
This article also looks into the benefits of plasma therapy for nail varnish adherence
and drying times [4].

Through plasma pulses generated by radiofrequency energy being applied to
nitrogen gas, plasma skin regeneration provides energy to the skin. High-energy,
single-pass treatments have been shown to produce positive outcomes with a great
safety record. A total of three full-face treatments with energy settings ranging from
1.2 to 1.8 J were given to eight individuals every three weeks. The quality of the
regenerated epidermis, the length of downtime, and erythema were noted prior to
each successive treatment. Six individuals had full-thickness skin biopsy samples
taken both before and 90 days after their final treatment. Four days after each treat-
ment, 30 days after the second, and 90 days after the third, patients were seen for
follow-up visits.

Researchers discovered a 37% decrease in face rhytides three months following
treatment, and trial participants reported a 68 % improvement in overall facial attrac-
tiveness. In 4 days, re-epithelialization was finished. Patients reported that the
erythema persisted for an average of 6 days following therapy. The first treatment’s
duration of epidermal regeneration was greater than that of the subsequent treatments
(9 vs 4 and 5 days, respectively). Following the initial treatment, one patient experi-
enced localized hyperpigmentation, which disappeared by the follow-up appointment
on day 30. There was no hypopigmentation or scarring. A histopathological assess-
ment A ring of new collagen at the dermo epidermal junction and less thick elastin in
the upper dermis were visible 3 months after therapy. The new collagen was 72.3 m
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deep on average. With little recovery time, photodamaged facial skin can be success-
fully treated using plasma skin regeneration and the multiple low-energy treatment
technique. Results are similar to one high-energy treatment, but recovery takes less
time [5].

Plasma is designed to sculpt the pigments and tones of the skin. This non-invasive
form provides high utilization for clinical applications, the behavior of plasma is
multi-directional stimulating, uses low levels of energy to directly irritate the skin,
while using custom options to explain in a distinct way. This can be compared
to existing technologies such as laser irradiation or LED irradiation, or the main
differentiation between emerging technologies is the size of the treatment area.

In addition to the use of cosmetics, new physical technologies have recently
emerged in the field of skin treatment, and various devices have been proposed for
skin care, anti-aging and rejuvenation applications (mechanical cleansing devices,
massage devices, ultrasonic waves, light, radio frequency, and cooling). Among these
innovations, plasma devices were developed mainly for medical use [6] to treat skin,
but recently for cosmetic use. In addition, some small plasma devices can be found
mainly in the cosmetics/esthetic market for skin rejuvenation, but so far most of them
lack a scientific foundation. As a result, problems arise not only in the user but also in
the effectiveness and safety of these devices when managing the skin after repeated
procedures.

It is required to specify the region enclosing the cosmetics in order to deal with
the possibilities of using cold plasma in cosmetics. It is challenging to precisely
draw the line between aesthetics and medical (cortical) (including reconstruction
molding and non-surgical procedures). Typically, aesthetics and medicine refer to
modifications to the body or its function. Because they simply need to take care of
their look without altering their body or function, cosmetics appear to be different
from medicine or aesthetics.

7.3 Trends of Plasma Technology in Cosmetics
and Marketing

Plasma is designed to sculpt the pigments and tones of the skin. This non-invasive
form provides high utilization for clinical applications, the behavior of plasma is
multi-directional stimulating, uses low levels of energy to directly irritate the skin,
while using custom options to explain in a distinct way. This can be compared
to existing technologies such as laser irradiation or LED irradiation, or the main
differentiation between emerging technologies is the size of the treatment area.
Besides the use of cosmetic products, new physical technologies have recently
emerged in the field of skin treatment and various devices are proposed for skin care,
anti-aging and rejuvenation applications (mechanical cleansing devices, massager
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instruments, ultrasounds, light, radiofrequencies, cool sculpting,). Among these inno-
vations, plasma devices have been developed to treat skin, mainly for medical use
[8] but more recently for cosmetics applications.

Moreover, some small plasma devices can now be found on the market for
cosmetics/aesthetics applications, mainly for skin rejuvenation, but, up to now,
mostly with a lack of scientific fundament. This raises the problem of the effec-
tiveness of such devices in the care of the skin and their safety of use, both for the
user but also for the skin after repeated treatments.

To address the possibilities of using cold plasma in cosmetics, it is necessary to
define which area covers the cosmetics. The boundaries between medicine (derma-
tology), aesthetic medicine (including reconstructive and plastic surgery and non-
surgical procedures) and cosmetics are difficult to define precisely. Usually, medicine
and aesthetic medicine imply a modification of the body or of its functions. Cosmetics
seems to be different from medicine and aesthetic medicine as it should not modify
the body or its functions but only improve its external aspect.

According to the European Union Cosmetics Directive, a cosmetic “any substance
or preparation designed to be applied to the skin, hair, nails, lips, external genital
organs, teeth, and mucous membranes of the oral cavity with the sole or primary
goals of cleaning, perfuming, altering appearance, reducing body odor, protecting,
or maintaining the health of the various external parts of the human body (epidermis,
hair system, nails, lips, and external genital organs). When used under typical or fairly
anticipated situations, they must not harm human health.” (Regulation of the Euro-
pean Community, CE No. 1223/2009; available at: http://eur-lex.europa.eu/legal-con
tent/EN/ALL/?7uri=CELEX%3A32009R 1223) Cosmetics are defined as “materials
intended to be rubbed, poured, sprinkled, or sprayed on, introduced into, or otherwise
applied to the human body...for washing, beautifying, enhancing attractiveness, or
altering the look” under the US Federal Food, Drug & Cosmetic Act (FD&C Act).

The definition is less clear when it comes to cosmetic gadgets. According to
the FDA (https://www.fda.gov/medical-devices/products-and-medical-procedures/
cosmetic-devices), cosmetic devices are used in the US “to improve appearance and
do not impart any health benefits.” The situation is changing in Europe, where the
majority of medical and cosmetic/aesthetic devices will be regulated more strictly
under one group (EU Regulation 2017/745; available at https://eur-lex.europa.eu/
legal-content/EN/TXT/?uri=CELEX%3A32017R0745).

So, it remains to debate whether plasma devices can be used for skin care and
whether they can be considered as cosmetic or medical devices according to their
effects on skin and the respective regulations of various countries.

In 2017, the world’s cosmetics exports scale was about 94.2 billion and espe-
cially in France cosmetics exports scale was amounted to 15.2 billion dollar which
accounting for 16% of the world’s cosmetic export market and taking first place. In
2017, France’s Trade Specification Index (TSI) appears at 0.6 and followed by Korea
(0.5) and Italy (0.4).
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In Korea, skin care equipment is classified managed as beauty device and indus-
trial products. As for medical device items, low-frequency stimulation, ultravi-
olet irradiator, infrared irradiator, light irradiator, ultra-high frequency stimula-
tion, high-frequency stimulation, ultrasonic stimulation, paraffin bath, treatment
steam machine, treatment heater medical treatment, limb circulation, treatment laser
irradiator, medicine inhaler, and vibrators for medical treatment etc.

According to the medical equipment, the skin care equipment also needs approval
from the Korea Food and Drug Administration (KFDA). Skin care and aesthetic
equipment are categorized under one of four medical device classification systems
used in Korea, which is most similar to the EU system. Despite efforts to create
a market for the sale of plasma cosmetics/aesthetics devices, there is currently no
item category or management regulation for atmospheric plasma devices. Cosmetic
devices that use plasma technology must be divided into groups based on whether they
use high-pressure, atmospheric-pressure, or low-pressure plasma with or without a
thermal effect.

It is recommended that the skin care devices in Korea be presented in the “Guide-
line for Evaluation Equipment for Clinical Treatment for Wound healing Using
Plasma” published by KFED. The guidelines include measurements of plasma
density (electron density), ozone, nitrogen monoxide, nitrogen dioxide produc-
tion, OH radical optical emission production, ultraviolet radiation production,
photo-biological safety, plasma degree, etc. of plasma equipment.

Floating electrode plasma sources are currently used by the majority of plasma
beauty devices in Korea. Human skin serves as the ground electrode in a floating-
electrode plasma discharge, and discharge takes place between the electrode of
the device and the skin. Based on the non-floating electrode jet plasma whitening
machine, this device was created.

Recently it has been reported that plasma devices have functions mainly for wrin-
kles, acne, wound healing, wound removal, and skin regeneration. This product can
helps rejuvenate the skin to promotes collagen formation and can cure the acne and
atopy to kills microbes on skin.

Target Plasma source Species | Feed gas References
Skin decontamination | Jet and dielectric Human | Argon Daeschlein et al.
barrier discharge [96]
(DBD)
Wound healing Jet Rat Helium Nastuta et al.
[125]
Wound healing Jet Mouse | Argon Xu et al. [126]
Root canal of tooth Jet Human | Argon Bussiahn et al.
[127]
Wound healing Jet Human | Argon Heinlin et al.
[128]
Chronic wound Torch Human | Argon Isbary et al. [8]
Wound healing Jet Rat Argon Salehi et al. [129]

(continued)
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(continued)

Target Plasma source Species | Feed gas References

Skin decontamination | Jet Human | Argon Daeschlein et al.
[98]

Wound healing Jet Human | Argon Isbary et al. [8]

Wound healing Jet Mouse | Argon, Helium | Garcia-Alcantara
et al. [130]

Sterilization of surface | Floating Electrode Mouse | Room air Fridman et al.

wound (FE)-DBD Human [131]

Tooth whitening Micro-jet Human | Air Pan et al. [132]

Wound healing Jet Mouse | Argon Schmidt et al.
[133]

Bactericidal effect in | Torch Rat Argon Ermolaeva et al.

biofilm of infected [134]

wounds

Wound healing in Jet Rat Helium Fathollah et al.

diabetes [135]

Wound healing DBD Rat Argon, oxygen | Hung et al. [60]

mixture

Acne DBD Human | Room air Chutsirimongkol
etal. [136]

Rejuvenation Jet Human | Helium Heinlin et al. [13]

Transdermal drug DBD Human | Argon Shimizu et al.

delivery (2015)

Actinic keratoses Jet Human | Argon Wirtz et al. [137]

Transdermal delivery | DBD Porcine | Room air Kalghatgi et al.
[138]

Skin penetration Jet Mouse | Air Liu et al. [139]

The plasma discharge can be distinguished into a floating electrode method with
a ground electrode, a non-floating electrode method without a ground electrode, a
jet and a DBD according to the form of the electrode. The plasma jet is a hollow
cathode electrode structure. A driving frequency of 10 kHz, a high frequency of
10-100 MHz, and microwave plasma jet stations of GHz are classified by frequency.
The DBD method involves discharging in the area between two electrodes that are
separated by a dielectric layer. The surface eruption Two electrodes are created on a
substrate for the DBD, and after a high electric current is delivered to the electrodes to
discharge plasma, a dielectric is created on the surface of the dielectric. The floating
electrode method is a discharge technique in which the ground electrode in the non-
floating electrode approach previously mentioned is replaced by the skin or a similar

material [7].
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7.4 Optimization of Plasma Dose for Wound Healing
and Cancer Treatment

Several studies investigated the effectiveness of non-thermal bio-compatible plasma
(NBP) to heal acute and chronic wounds. However, Initial studies addressed the
safety concerns and bacterial load decrease in protracted wounds [8—11]. How can
a single application express two opposite characters? “Sola dosis facit venenum”
according to Paracelsus in 1538, “means just the dose makes the poison. The case
is the same for plasma, the dose determines its outcomes which means a low dose
can be beneficial, however, a high dose may cause destruction. Thus, for wound
healing low dose is recommended however, a low dose may not have required killing
impact while treating cancer. Moreover, the term dose is not uniform or well defined
because there are numerous plasma devices with various operating characteristics.
Therefore, one of the key issues requiring future clinical studies to pay attention is
the optimization of doses in relation to an application or clinical trials, it will help to
understand the mechanism of NBP at the molecular level. Although research on NBP
mechanisms in cancer treatment and wound healing has progressed well, however,
there is still, a lot that needs to be explored. Thus, the molecular mechanism of NBP
has been under investigation to find the optimum procedure for clinical practices.
Although, the main mechanism of NBP in wound and cancer treatment is explained
briefly (Fig. 7.1).

Additionally, reactive oxygen and nitrogen species (RONS), electromagnetic
fields, and ultraviolet radiations are all linked to the biological effectiveness of NBP.
Chemical reactive oxygen and nitrogen species play a part in enhancing biological
applications and are directly related to the ability of wound healing and tumor inhi-
bition. The impact of UV light during NBP administration is most likely minimal.
Compared to its natural sun exposure, the UV intensity during NBP treatment for
wound healing is significantly reduced [12—-15].

7.5 NBP Anti-Cancer Effect During in Vivo and in Vitro
Application

NBP’s anti-cancer mechanism in vivo treatment is debatable. Phosphate-buffered
saline (PBS) after plasma exposure is associated with the production of H,O,, NO;,
and OH, which are covered by a 1 mm gelatin film [16]. This indicates that ROS
diffusion across the skin is possible. Another possibility is to control tumors by NBP
through immune response activation [17-19]. The uniform nanosecond pulsed DBD
(nspDBD) has been shown to activate macrophages and improve healing in artificial
wounds [19]. Thus, nspDBD is shown to augment the anti-tumor efficacy through
both, tumor cell death and activation of macrophage function [18].

In the NBP treatment, a layer of cell culture media was used in melanoma cells
in in vitro studies [20-22]. The natural phenomena of metabolism engage in the
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Fig. 7.1 Non-thermal bio-compatible plasma (NBP) for the treatment of cancer and wounds treat-
ment. Low or optimal NBP therapy promotes tissue growth, wound healing, and purification. Reac-
tive oxygen and nitrogen species acting separately or combined are thought to have an impact on
the reported results. Long-term cancer therapy increases oxidative stress, which causes cancer cells
to die as a result

generation of long-lived and short-lived reactive species which is congruent to the
production of RONS during NBP. The role of RONS has already been reported in
the propagation of physiological and pathological mechanisms for example wound
regeneration, cell propagation, apoptosis, and immunogenic responsive element [23].
A schematic example of the interaction of NBP with cells in vitro and in vivo is
provided illustration is shown in (Fig. 7.2).

7.6 Human Skin Anatomy

The human body consists of an external layer, skin that collects approximately, 1/3 of
circulating blood. On the basis of its morphological and physiological features cate-
gorized for instance protective, homeostatic, or thermo and osmoregulation, etc. The
epidermis, dermis, and hypodermis are the three primary integuments that makeup
skin as shown in Fig. 7.3 [24, 25].

Epidermis

Depending on the number of layers and cell size, the thickness of the epidermis varies
from one person to the next, as well as from one region to the next. The epidermis is
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Fig. 7.2 NBP and cell interaction in vitro and in vivo are schematically illustrated. The primary
causes of cancer cells dying in vitro have been identified as reactive oxygen and nitrogen species
in the culture media. Furthermore, it remains a perplexing mystery in plasma medicine how tumor
tissues internal growth might be prevented by the administration of NBP above the skin
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Fig. 7.3 Human skin anatomy. Structure of skin layer which has three layers, outermost is
epidermis, middle layer dermis and inner layer hypodermis also called subcutaneous layer
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comprised of numerous layered and distinguished into sections: (i) non-viability of
the epidermis and (ii) viability of the epidermis.

Non-viability of epidermis

Non-viability of the epidermis of human skin also known as the horny layer and
increases many times in thickness when hydrated which is roughly 10 mm thick in dry
conditions [26, 27]. The non—viable epidermis consists of Corneocytes, keratinized
cells organized in numerous lipid bilayer structures. In a structure where corneocytes
are represented as bricks and bilipid layers are thought to be mortar used for the
perception of drugs work as an amalgamation hurdle with its specific ‘brick and
mortar, just as it is like a wall in between [28, 29].
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Viability of epidermis

Underneath the SC, the viability of the epidermis is divided into four layers, viz.,
stratum lucidum, stratum granulosum, stratum spinosum, and stratum germinativum
[26]. Keratinocytes that are flat, clear, and dead make up stratum lucidum. Two to
four keratinocyte cell layers with a 3 m thickness make up the stratum granulosum.
The desmosomes group the stratum spinosum also known as the prickle cell layer,
which has a thickness of 50-150 m and is composed of 8—10 layers of polygonal
keratinocytes. It is located right above the basal cell layer. The innermost layer of
the epidermis, known as the stratum basale is made up entirely of basal cells. It aids
in hydration retention, but as it ages, it loses this function. [30].

Dermis

The 3—4 mm thick dermis is a matrix of connective tissues, blood vessels, sweat
glands, hair follicles, lymph vessels, and nerves in a matrix, its thickness of 3—4 mm.
Collagen and elastic fibers are connective tissues that provide skin strength and
flexibility, respectively [30].

Hypodermis/subcutaneous layer

The dermis and epidermis are supported by the larger blood and lymph vessels in the
hypodermis, which also function as a zone for storing fat. It contributes to mechanical
strength and controls body temperature. Additionally, this layer is made up of blood
vessels, skin nerves, and pressure- sensitive organs [28].

7.7 Methods of Enhancing Skin Permeability

Various methods are used to control the SCs barrier-like nature. There are divided
into passive/chemical or active/physical approaches [31, 32]. The following is a brief
demonstration of the many methodologies and ways based on their principles and
mechanisms of action.

Passive/chemical strategies

Penetration enhancers, supersaturated systems, prodrugs, liposomes, and other vesi-
cles are all products of passive methods. Chemical penetration enhancers could serve
through one or greater of the subsequent mechanisms [33]: (i) drug operation across
the intercellular pathway is increased by interfering with the SCs highly ordered
bilipid structure (e.g. terpenes and azones), (ii) Through an intracellular pathway,
interacting with protein shape of corneocytes (e.g. pyrrolidones, dimethylformamide,
dimethyl sulphoxide) (iii) Improving the distribution of the solute throughout the SC
(e.g. propylene glycol, polyethylene glycol) [30].
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Active/physical techniques

The active physical techniques mainly describe the thermal ablation technique. Large
MW (>500 Da) hydrophilic molecules, such as proteins and peptides have been
attained via active methods. However, Active/assisted strategies are under progress
for the active transport of larger biomolecules. Many physical and active methods
have been demonstrated across the formation of biomolecules.

Thermal ablation

The thermal ablation procedure, also known as thermophoresis increases the drug
perception across the skin and involves the depletion or elimination of the SC [34, 35].
Additionally, the thermal exposure rate should be shorter to sustain a significant skin
surface temperature compared to the underneath viable epidermis [36]. It would be
attained by two methods: (i) For an extended period of time at a moderate temperature
(100 °C), and (ii) during a shorter time at a relatively high temperature (100 °C). The
following procedures can be used to achieve thermal ablation: (i) chemical heating
based on thermal ablation (ii) Miroporation based on thermal ablation

Chemical heating based on thermal ablation

Chemical methods have been employed to promote medication penetration through
the skin. The local body temperature rose as a result of chemical substances. They
determined the intensity of heat production. The majority of commercial transdermal
patches use two initiators, such as oxygen and water, are used [37, 38]. The patch
comprises an iron powder based on heat generating chemical together with 70 mg
of lidocaine and tetracaine. An alternative method known as Eutectic Mixture Local
Anaesthetics (EMLA®)-based cream, which contained 2.5% of lidocaine and prilo-
caine. In a double-blind, randomized study with 82 adult human subjects, the EMLA®
cream was applied to one antecubital surface prior to a vascular access procedure
and the Synera® patch was applied to the other [39].

Miroporation based on thermal ablation

Thermoporation, commonly referred to as microporation, is a method for forming
aqueous channels across the SC to improve the permeability of active substances
passing through the skin into the systemic circulation. In this method, a variety of
metallic filaments are briefly kept in contact with the skin surface. The passage of
electric current along these filaments causes them to heat up, resulting in localized
disintegration and vaporization of the SC. Resultantly, microchannels formed on the
skin’s surface. Afterward, the use of transdermal formulations such as gels, creams,
patches, or vaccinations will increase the permeability of the medications that have
been included [40, 41]. Due to the use of sterile and disposable metal filaments, the
microporation device offers the advantage of reducing the danger of the transfer of
blood-borne pathogens [42].

Thermoporation is a technique that uses controlled thermal radiation to increase
drug absorption through the skin. passport and Tixel, two FDA-approved devices,
can create a corporation. With their patented patch method, known as PassPort™,
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Altea Therapeutics Corporation has made an significant advancement in the delivery
of drugs and vaccine via the skin (Altea Therapeutics Corp., Atlanta, GA). Aqueous
micropores are used for the ablation of the SC by heat. The micropore/microchannels
are reported to have a width of 50-200 wm and a depth of 30-50 wm. This technology
permits the non-invasive, economical, and regulated delivery of drugs of numerous
therapeutic types. This method has the advantage of avoiding the usage of needles,
pumps, and costly devices which are employed in other techniques [36, 43]. Further-
more, the patient’s application of the patch can be recorded by this device along with
the date and time [44].

7.8 Skin and Its Microenvironment

Skin is made up of numerous layers of defense. It has a built-in defense system. Hair
and hair follicles, as well as a sebaceous gland and a sweat gland, are distinctive skin
appendages. It is possible to experience external stimuli due to some sensory organs,
such as the Pacini corpuscle. The layers of epidermis are made up of keratinocyte
cells. The palms of the hands and the soles of the feet have specific types of skin
layers called stratum corneum and stratum lucidum. The lamina basalis separates the
epidermis from the dermis. This epidermis also contains a variety of other cell types,
including Merkel, Langerhans, and melanocytes. The extracellular matrix fibers and
a small number of cell types, including fibroblasts and mast cells, make up the
vascularized dermis layer that regulates skin moisture levels. The skin’s stratum
corneum, which has an acidic surface layer, and the accompanying bacteria that live
there and in hair follicles. For the transportation of oxygenation by oxygen coming
on one side from the atmosphere and on the other side from dermis blood vessels,
the skin layer maintains an oxygen gradient [45] (Fig. 7.4).

7.9 Chitosan Biocompatible Material as Skin Rejuvenation

Chitin is converted into chitosan, a natural, new polyheterosaccharide copolymer,
using an alkaline deacetylation process. It has been demonstrated that chitosan and
its derivatives are efficient sources for boosting musical and transmucosal deliveries
[46]. Chitosan’s biological characteristics, such as biocompatibility, non-toxicity,
and biodegradability, have opened up new possibilities for the treatment of skin
conditions and bone regeneration. The improved biomaterial properties of chitosan,
such as mucosal adherence and absorption, are mostly due to its surface chemistry.
Chitosan’s positive charge and ability to adhere to various epithelial surfaces open up
new possibilities for medication interactions with mucus layer. Future skin treatments
might derive from these features. Due to its stimulation of osteoblast cell proliferation
and attachment as well as the production of mineralized bone matrix, chitosan is
used as a bone scaffold material and may open up new therapy options for skin in
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the future [47, 48]. A promising method to improve affectivity toward cells, NBP
treatment of 3D chitosan scaffolds have the potential to augment biological effects.
The 3D chitosan scaffolds treated with NBP, however, primarily have a sporadic
effect [49-52] (Fig. 7.5).

7.10 Skin Treatment by Using Nonthermal Plasma

Reactive species production plays major role inside body by metabolic activity. For
maintained of metabolic activity inside cells it is necessary to absorb reactive species
after its generation because it causes many side effects while it interrupts in other
normal cells function. So, in our body there are some antioxidant enzymes are present
to absorb these free radicals like catalase. Therefore, stem cell self-renewal and differ-
entiation are greatly influenced by the balance of intracellular reduction-oxidation
(redox) homeostasis [54—56]. The most effective method for cell rejuvenation is the
introduction of non-thermal biocompatible plasma. Plasma contains reactive species
that are crucial for activating certain pathways that are highly beneficial for cells [57,
58]. Plasma produces reactive oxygen and reactive nitrogen species, which could
indicate a crucial role for the second a participant in the cell’s active antioxidant
system and signaling network. These reactive species are important for both treating
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NBP treatment time
Control 3minutes 5minutes 10minutes
(90£2.6 ym) (94.2+27.6/m) (89.8+4.2/m) (48.3£3.2/m)

Fig. 7.5 Chitosan morphology was examined using scanning electron microscopy (SEM) following
plasma treatment [53]. Chitosan pore size demonstrates and gives significance enhancement of the
cell’s attachment on scaffold

and rejuvenating the skin. The current understanding of the processes by which NBP
regulates cell proliferation and differentiation through redox change is provided in
this review [58]. Understanding the role of redox homeostasis in stem cell differenti-
ation control and carefully elaborating the underlying molecular mechanisms would
offer important new approaches that NBP stimulated stem cell differentiation for
skin treatment [59, 60]. Non-thermal plasma also has certain antibacterial properties
that can be used as a therapeutic technique for the management of skin diseases and
chronic wounds. This study [61, 62] evaluated the effects of plasma on the healing
of a rat model of a full-thickness acute skin wound. Skin wounds from a study were
analyzed by histological and gene expression analyses three, seven, and fourteen
days after the wounding. The wounds were exposed to three daily plasma treatments
for one or two minutes [63]. When compared to untreated wounds, plasma therapy
effectively increased epithelization and wound contraction on day 7. In conclusion,
plasma treatment improved acute skin wound healing effectiveness while minimizing
side effects. Since it is the largest organ in the human body and occupies a unique
position, the skin plays a significant role in many different ways. It acts as a bridge
between the interior of the organism and the external world [64, 65]. The entire body
is protected from external aggressions and significant water loss by its keratinized
tegument [66—68]. The skin serves as a significant physical barrier against pathogens
and the environment, but it also produces vitamin D, regulates temperature, senses
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humidity and mechanically, absorbs, excretes, and secretes molecules, among other
things [69, 70]. Maintaining its integrity is crucial to stop the loss of function [71-73].
Ancient civilizations used a variety of techniques to conduct cosmetic skin care. With
an increase in life expectancy in the 21st century, people are putting more emphasis
on skin care to seem younger [74, 75]. Because of this, there is an increasing need for
skin care products on a global scale to meet consumer demand. The global market
for cosmetics was worth 508 billion dollars in 2018. By 2025, the market is antici-
pated to be worth roughly 758 billion US dollars. The variety of modern skin care
options includes both physical and chemical treatments. While skin peeling treat-
ments are frequently prescribed by licensed beauticians, creams, serum, and oils are
frequently utilized as DI'Y home remedies for skin maintenance [76, 77]. Some of the
equipment is also available and used commercially for skin care. One of them that
is frequently used for rejuvenation is lasers and LED lights. By physically removing
the outer layers of the skin and triggering skin cell metabolism for a more thorough
skin rejuvenation, these light sources interact with skin cells to enhance their ability
for renewal. For skin treatment, more intrusive and pricey methods like cosmetic
surgery may occasionally be needed. lonized gases are currently used in revolutionary
technology-based physicochemical methods for non-surgical skin treatments [78,
79]. Dermatology has long employed cold atmospheric pressure plasma-mediated
skin treatments to promote wound healing. It is demonstrating quicker healing abili-
ties and increased cell renewal capabilities. Today, plasma offers a fresh approach to
the beauty industry. Several studies are currently being conducted to apply plasma
with various materials, such as microneedles. One method for allowing plasma to
easily penetrate the skin is the use of microneedles. As plasma has a variety of reac-
tive properties, these properties play a significant role when skin cells are penetrated
[80-82]. However, research is ongoing to identify the precise mechanisms of action
of cold plasma effects on skin as well as their scientific underpinnings at the cellular
and molecular levels. Plasma offers new directions in the field of study and is a
well-known skin-treatment technology [83—85].

7.11 Plasma Activated Water Play Important Role in Skin
Rejuvenation

Non-small cell lung cancer (NSCLC) is the most prevalent form of lung cancer,
accounting for 85% of all cases. In addition to being extremely difficult to treat, there
is currently no advanced approach for treating lung cancer. Nonthermal plasma opens
up new therapeutic possibilities in medicine. This study’s results have shown that
oral administration of plasma-treated water (PTW) is effective in treating NSCLC
[86, 87]. Oral administration of this mixture to mice demonstrated no toxicities
even at the highest dose of PTW, after a single dose and repeated doses for 28 d
in mice [88-90]. Cold plasma in water produces a variety of reactive species. PTW
shown promising anticancer effects on chemo-resistant lung cancer cells, according
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to in vivo investigations. There are several plasma treated liquids which are also
useful for medication purposes. Plasma activated water one of the promising tools
for skin treatment purpose. As it contains high number of reactive species and it is
easy to store water for longer time [91-93]. The PTW anticancer strategy appears
to be complex in preventing angiogenesis and proliferation of cancer cells while
promoting apoptosis. Oral administration of plasma-activated water may prove to be
a promising kind of therapy for skin conditions. As a result, plasma activated liquids
may present a unique approach to treating skin conditions and promoting skin cell
renewal in the future [94, 95].

7.12 Plasma Skin Regeneration Treatment
in the Dermo-Cosmetic Application

There are various skin diseases and the severity of skin diseases can vary from benign,
over-disturbing (i.e. minor eczema or ichthyosis), and painful (i.e. infected chronic
wounds) to lethal (i.e. malignant melanoma). Mild inflammatory skin diseases are
usually treated with topical cremes made up of disinfected substances and steroids.
In addition, severe forms of antibiotic treatment are inevitable, whether it is topical
application as a component of cream or consistently. In particular, in the case
of chronic skin diseases superinfected patients suffer from painful treatments and
side effects of medications.

7.12.1 Epithelialized Skin Diseases that Are Highly
Contaminated with Germs

7.12.1.1 Atopic Eczema Treatment

Atopic eczema is a highly prevalent form of eczema (3-5% of the population
is affected). Rash, inflammation, and dry and itchy skin are some of the signs
and symptoms. Patients are normally treated with a moisturizer followed by anti-
inflammatory and topical antimicrobial treatments. An anti-inflammatory and topical
microbial medication is typically given to patients after a moisturizer. Mertens
and his colleagues reported a case study in 2009 about atopic eczema in a patient.
In this study, the patient’s left arm was exposed to plasma, while the right arm
was treated with hydrating cream. They used DBD device with an output of
0.2 W. The plasma treatment time was 1 min per day for 30 days. The energy
density per day can be calculated at around 1 J/cm?.

After 30 days, a decrease in some symptoms such as swelling and redness on the
upper arm, which was uncovered by the plasma, can be observed. In addition, the
patient reported a reduction in itching from 8 to 3 points. The point scale ranged from
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0 to 10, with 10 being the most severe itch. Eczema improved by two points overall
(scale of —5 to 0-5 points, indicating complete cure and severe worsening of eczema).
No side effects were observed during and after the study [96]. Moreover, agar plates
were pressed onto the skin of the patients and the results showed a reduction of 1 log
level in the bacterial load of the plasma-treated skin after two days (Staphylococcus
aureus).

Daeschlein and others also reported high inactivation rates for plasma treat-
ment using a plasma jet in another study. The plasma jet was made of argon gas
and operated at a frequency of 1.5 MHz and voltage supply of 1-5 kV [97]. A
decline in Staphylococcus aureus colonies grown on agar media was measured by
2.7 log levels after plasma treatment for 2 min (RF 2.7). The efficiency of plasma
inactivation varied among the five different species tested in this study, indicating
that plasma doses are appropriate for the efficient eradication of wound harmful
microbes. While the lowest reduction factor, 1.9 log steps, was found for Entero-
coccus faecium, this still represents a pronounced inactivation of bacteria, which
seems to be suitable for inactivating nearly all types of realistic microbial contami-
nation, colonization, and also infection.in vivo. Pseudomonas aeruginosa, extended-
spectrum beta-lactamases (ESBLs) multidrug resistance pathogens, E.coli, Staphylo-
coccus aureus, Staphylococcus epidermidis, hygienic disinfection, preoperative skin
antisepsis, and highly gentamicin-resistant enterococci (HLGR), which offer new
perspectives on skin disinfection and wound decontamination, were also shown to
be significantly reduced by plasma in vitro [98]. In addition, plasma therapy may be
effective in curing dermatological conditions involving parasites, such as dermatitis,
as a strong killing effect against Demodex folliculorum has been observed [99].

7.12.2 Wounded Epidermis and Germ-Contaminated Skin
Diseases Treatment

7.12.2.1 Chronic Wounds with Plasma Treatment

Many people have wound infections on their feet and legs, which are caused by aortic
illnesses (15%), hyperglycemia (5%), and other arteriolar disorders. Venous ulcers
affect the elderly in particular, and their treatment consumes a significant percentage
of the healthcare budget necessitating the development of cost-effective alternative
ulcer remedies [100, 101]. Plasma has the potential to be such an alternative, not
only because it can be produced at a low cost, but also because it is easy to handle. In
addition, plasma treatment combines several mechanisms of action that are beneficial
to the wound healing process including (i) the potent antibacterial impact might
reduce the number of bacteria present in the injured areas, preventing the recovery
process from being slowed down by invasive colonization [102]; (ii) plasma is known
to stimulate the proliferation of endothelial cells [103]; and (iii) plasma treatment
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leads to a decrease in pH, which would also support the healing process since the
hyperacidity of wounds is also a natural response of the body [104].

In vivo tests, Isbary and colleagues investigated the effects of argon plasma on
infected wounds [105]. In 2010, they published the results of the first clinical trial
using the indirect plasma technology MicroPlaSter. Additionally, for routine wound
care, 36 patients with 38 ulcers (mainly venous, traumatic, arterial, and diabetic
causes) were treated with plasma for 5 min daily.

Patients acted as their controls in the control areas, which were merely treated with
normal wound care and were around 3 cm?2 in diameter. There were 291 treatments
carried out, with the findings revealing a 34% reduction in bacterial load in the
wounds (p < 10-6) [106]. A year later, another study by Isbary and co-workers
found that plasma applications could help people with the genetic disorder Hailey-
Hailey disease [107]. Severe outbreaks of this disease often cause blisters and rashes
that often lead to chronic, infected sores when they burst. One patient with Hailey-
Hailey was treated using MicroPlaSter, a newer version of the MicroPlaSter device
that is more convenient to use due to its smaller size and flexible treatment arm with
four joints. The torch was held at a distance of 2 cm from the target region for 5 min.
As aresult, the plasma treatments significantly improved the healing process in both
the patient’s right axilla and groin. After plasma treatment a sustained positive effect
was also observed; the patient remained symptom-free for several months. In the
recent clinical trial on chronic wounds conducted by the same research group, two
MicroPlaster devices were evaluated using two minutes of treatment time with the
same experimental conditions (except for the period of the therapy session) [108].

A considerable decrease in microbial contamination was observed in the patients
who received plasma treatments for the injuries. A large decrease in microbial infec-
tions of 40% (p < 0.016) was noted in the wounds and a decrease of 23.5% (p < 0.008)
with the use of MicroPlaSter B. Overall, no side effects occurred in these studies by
Isbary, and the applications were also well tolerated by patients. MicroPlaSter o,
a major reduction in bacterial load of 40% (p < 0.016) and a reduction of 23.5%
was observed in wounds. It is safe to suppose that in all of this research on chronic
wounds, the plasma and tissues of deeper skin layers, such as keratinocytes in the
proliferative basal layer or fibroblasts in the dermis, were given access to wound
pathogens. Although not entirely appreciated, the direct microbiological actions by
the plasma over eukaryotic cells are of tremendous interest. To utterly make sure that
no long-term damage or side effects will occur, possible genotoxic effects of plasma
treatment must be investigated genetically.

To this end, a risk analysis is going to be performed for each plasma device
(kinpen MED and our DBD device), including the investigation of cell damage at
the DNA and cell membrane levels. For this purpose, common genotoxicity and
cytotoxicity tests such as the Ames test and various host cell reactivation tests are
performed. The Ames test takes a look at may be used to decide the mutagenic
capacity of chemical substances (in our case this will be plasma). Different strains of
Salmonella typhimurium with a mutation in histidine biosynthesis are used for the
test so that the auxotrophic mutants require the addition of histidine for their growth.
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Treatment with the mutagenic substance can generate revertants, which can grow on
a histidine-free medium.

This method has been successfully used to detect the mutagenicity of various
substances metabolized by the cytochrome P450 enzyme system [109]. To replace
animal testing two plasmid DNA vector assay systems are planned as methods and
the infected tissues renewal tests use gene sequences to quantitatively analyze the
recovery of DNA rate of cells [107, 110]. Plasma is used to treat a non-replicating
reporter gene plasmid that codes for an enzyme before it is transfected into host cells.
The expression level of the reporter gene would be reflected in the plasma treatment
causing DNA lesions that are repaired by the host cells.

Consequently, the enzymatic expression would be an indirect indicator of plasma’s
mutagenic potential. The Plasmid-Shuttle-Vector-Mutagenesis-Assay is another test
system that has been successfully used to detect age-related DNA repair capacity
in various cells. [111]. This assay is based on a plasmid that has E. coli microbial
repressor tRNA genes (supF genes) which serve as a mutation indicator [112]. Plasma
will be used to treat the plasmid DNA (pSP189), which will then be transfected into
host cells, isolated after a few days, and transformed into bacteria. Light blue or
white colonies indicate a mutation in the supF gene, and the number of these colonies
indicates the mutation frequency.

The mutant plasmids may also be used for mutation spectra and sequence analysis.
Finally, these assays are useful for the characterization of the two different plasma
sources as well as the standardization of experimental parameters and criteria for
medical applications.

7.12.3 The Effect of Plasma on the Skin Surface

7.12.3.1 CAP Treatment Restores the Physiological pH Barrier

RONS generated by CAP also induced acidification in the target as well as oxidizing
and stimulating effects. It is common to observe decreasing the initial pH in moist
three-dimensional structures and semi or poorly buffered fluids [113]. It might be
explained by the existence of acidic substances in liquids that develop from the
progenitor NOe, which results in the production of nitrous (HNO,) and nitric (HNO3)
acids [114]. The plasma exposure time is proportional to its acidification. The rapid
pH decline and seems stable the pH values around 3.5 and 2.5 as a result of the
temporary development of the HONO/ONO buffer and the production of nitrous
acid [113-115]. Human triglycerides and porcine epidermal sebaceous may both
become much more acidic, after exposure to CAP.

The medical experiments using healthy human epidermis confirmed CAP-induced
acidification. [116, 117]. Due to its acidifying characteristics, CAP therapy may help
in protecting healthy skin. Cold plasma may enhance and improve skin rejuvena-
tion by reducing the pH. Physiological acidification has been demonstrated to boost
potency as well as enhance fibroblast growth in chronic wound infections [118].
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Physiological values can cause pathologies when skin pH is greater, and strong
acidic pH might damage the outer tissues. Skin contact with CAP must be strictly
regulated to prevent chemical burns [117]. Chemical peels, also known as chemex-
foliation, are used in cosmetics to gently exfoliate the epidermis’s outer layer and
force skin renewal. To decrease pH and remove the outer layers of the epidermis,
organic acids are frequently utilized in this technique. The successful plasma appli-
cation might provide a comparable non-invasive peeling effect. Furthermore, CAP
therapies may also be able to restore the physiological pH barrier and promote the
aged skin because the rise of alkaline pH with age weakens the threshold [119].

7.12.3.2 The Plasma Effect Improves Skin Hydration and Acidification

The proper amount of water is required for healthy and functional skin. Strong water-
absorbing GAGs like hyaluronic acid keep the dermis hydrated. The epidermal has
a relative humidity that ranges from 15 to 30% in the outer skin to 70% in the
vital portion. The inner layer can detect humidity in the environment and adjust
the metabolic processes [120]. The highly porous chemicals that make up Organic
Hydration components and keratinocytes, the dying cells that make up skin barriers
called corneocytes retain moisture [121, 122]. Strong adhesion between corneocytes
prevents significant moisture loss. In addition, ceramides and other intercellular lipids
further provide hydrophilic barriers that prevent dehydration [123]. Skin moisture
may be influenced in two different ways by cold plasma therapies. In the beginning,
CAP might weaken the layer of the skin and stop flowing the epidermal outer layer.
A brief, temporary moisture depletion was noticed inside the human skin surface
following plasma treatment. [ 124]. The goal of plasma skin rejuvenation is to preserve
the thermal wounded tissues during the healing process with the non-ablated, dry
skin [124]. The skin may attract more water molecules following plasma therapy
because CAP can release ions on the surface layer. Within the first few seconds of
plasma therapy, the human epithelial tissue becomes much more wettable [124]. The
plasma therapy enhances the adherence of nail polish for aesthetic purposes, and
fingernail hydrophilicity has also been found to improve [124].
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Chapter 8 )
Clinical Studies on Cold Gas Plasma ez
Applications: The Autonomous Patient

and Getting Informed Consent

for Treatment and Clinical Studies

Hans-Robert Metelmann, Philine Henriette Doberschiitz,
and Christian Seebauer

8.1 Background

This chapter is spreading the official Clinical Practice Guidelines (Leitlinien) of the
Association of the Scientific Medical Societies in Germany (Arbeitsgemeinschaft
der Wissenschaftlichen Medizinischen Fachgesellschaften e.V., AWMF) concerning
Rational Therapeutic Use of Cold Physical Plasma (Rationaler therapeutischer
Einsatz von kaltem physikalischem Plasma), AWMF 007-107, 23/Feb/2022. The
intention of the chapter is to utilize for study purposes, especially for patient recruit-
ment, the official template for medical briefing of patients as an obligatory part of
an informed consent document.

The patient targeted briefing part is a complete citation of the official guidelines.
The footnotes are the new content, targeted scientific information for the doctor to
be prepared for the patient consultation. This combination of official guidelines at
the hands of a patient and scientific comments at the hands of a doctor is needed to
support the recruitment of study patients for clinical research in plasma medicine.

! Deutsche Gesellschaft fiir Mund-, Kiefer- und Gesichtschirurgie (DGMKG) Rationaler ther-
apeutischer Einsatz von kaltem physikalischem Plasma Version 1.0 vom 23. Februar 2022:
https://www.awmf.org/leitlinien/detail/ll/053-054.html. Editor Hans-Robert Metelmann. Access
22/08/2022.
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8.2 Template

Dear Patient,

You are consulting your doctor because of a medical or aesthetical problem, and you
will probably participate in a clinical study. The key term plasma medicine has been
mentioned. It became obvious to you, that plasma medicine has nothing to do with
blood plasma. Now, you are interested to learn about plasma medicine, and why it
makes sense to consider it for treating your problem.

The purpose of this document is to make you familiar with the basic clinical
principles of plasma medicine. Please read this information carefully. Your doctor
will inform you about treatment options with plasma medicine, typical risks and
possible consequences, and the details of the medical intervention regarding your
case. When you feel adequately informed and expressly wish to undergo plasma
medicine treatment, please confirm your consent with your signature.

8.2.1 General Aspects of Plasma Medicine

Colloquially, the term “plasma medicine” often refers to tools that generate phys-
ical plasma or to products activated by physical plasma, mainly used for cosmetic
purposes and by laypersons. Your doctor, on the other hand, is talking about cold
physical atmospheric pressure plasma, abbreviated to cold plasma or CAP, generated
by officially approved medical devices, and indicated with particular relevance for
the medical therapy of chronic wounds and infected skin.

If you suffer from a severe skin infection or wound that is not healing, you have
experienced the heavy burden on your health and well-being. These problems can
sometimes be difficult to handle by established therapeutic procedures, calling for
innovative treatment like CAP medicine.

A wound by itself is not a disease, and wound healing is just a natural process
that does not require a targeted treatment. However, problems may arise

— when open wounds become severely infected by pathogens,

— when wound healing is retarded and the risk of infection is rapidly increasing,

— when wounds cannot heal because of consuming illness and show massive
infection,

— when pain requires rapid healing of open wounds or infected skin,

— when general risk prevention requires rapid healing of open wounds or infected
skin,

— when wounds and skin infections are health-threatening suppurative focuses, or

— when infected wounds contaminated with certain bacteria are causing smell and
odor.

CAP medicine is covering all of these indications.
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You might be interested to learn that CAP is ionized gas, generated by physical
energy. CAP induces biochemical reactions and releases molecules that interact with
human wound cells and with microbial cells, such as infectious bacteria and viruses.
CAP therefore accelerates wound healing in two ways: by killing harmful germs at
the wound surface (antisepsis) and by promoting the growth of healing cells (tissue
regeneration and microcirculation). This double effect is a unique advantage of CAP
treatment compared to conventional and established wound care measures.

CAP may look like bluish little flames, but with a temperature not higher than
40 °C, it works on the cells without causing thermal damage, ensuring a painless
treatment.

Moreover, CAP application is a touch-free treatment that avoids unpleasant
contact of the device with your wound or irritated skin and prevents the risk of
unintentionally injuring numb wounds.

8.2.2 Selection of Patients

You have learned that CAP treatment is useful for you, in case you are suffering from
problematic wounds or infected skin and mucosa. This includes patients with

— chronic and infected wounds,

— wounds with standstill of healing but without infection,

— skin and mucosa lesions at risk of serious progression,

— non-healing wounds by other reasons,

— skin and mucosa with certain local infections and purulent focuses.

Patients suffering from infective and inflammatory skin and mucosa diseases like
herpes zoster, atopic eczema, (oral) lichen planus or acne also benefit from CAP
application.

You may also belong to a group of patients considered at risk of poor wound
healing, who benefit from CAP treatment as preventive measure. This includes
patients

— with wounds that are not closing within 28 days,

— aged 60 years or older,

— after the menopause,

— under systemic steroid medication

— taking medications that inhibit wound healing (e.g. glucocorticoids, immunosup-
pressants, NSAID) or

— with cancer or a history of previous impaired wound healing.

You see that cold plasma application can be used to support the healing of
lesions and acute surgical wounds in cases, where the patient’s difficult health-status,
biographic condition or medication push the risk of problematic wounds. Acceler-
ating the wound healing can also help to reduce scar formation. Together with the
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potential to prevent wound infection, CAP treatment is a promising option to control
the risk of surgical site infections in the field of plastic surgery and aesthetic medicine.

8.2.3 Choice of Plasma Devices

Your individual medical problem calls for individual treatment, and your doctor will
propose and choose the most appropriate cold plasma device for your treatment task.
You might be interested to learn that there are two types of medical devices in use,
approved by the competent authorities since 2013.

One type is called jet plasma device: CAP is generated by electrical tension within
a slim tubular handpiece. The resulting ionized gas is driven out by a propellant gas
and looks like a jet flame. This “plasma cocktail” consists of atmospheric air, noble
gases (argon, helium) and gas mixtures of the working gases.

The other type of medical device is based upon dielectric barrier discharges
(DBD): CAP is generated within an electric field forming between the large surface
of a flat handpiece and the surface of the skin. This “plasma cocktail” looks like a
carpet and consists of atmospheric air.

Jet plasma devices with plasma flames shaped like the tip of a lancet are very
suitable for precise interventional procedures under visual inspection. They are used
on wound craters and rugged tissue, on regions with undercut, and for intraoral
application. DBD plasma devices with plasma carpets are very convenient for the
quick treatment of large and flat wounds and infected skin areas.

Rest assured that your doctor is only using CAP devices with CE certification as
medical devices class Ila according to the European Council Directive 93/42/EEC.
These devices work with plasma sources that have been extensively examined for
their biological and physical properties and have been tested in detailed preclinical
and clinical investigations.

8.2.4 Handling of Complications

You might have experienced that standard treatment of wounds and skin infections
does not succeed in some cases. This is also true for cold plasma therapy. Even with
well proven healing effectiveness of CAP medicine, there are some patients with
insufficient treatment results. Especially in chronic wounds, plasma medicine plays
an important role—but it is not the only player. Continuous debridement, proper
wound dressings, and keeping relevant co-morbidities and current medication under
control are important as well.

First CAP medical devices have been approved in 2013 and still there are no known
serious side effects or complications of therapy. Any enhanced risk of genotoxic and
mutagenic effects of CAP treatment has been excluded by well-established in vitro
tests as well as by a long-term animal trial and long-term clinical observations.
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In principle, complications in medical procedures are due to the general health
and medical condition of the patient. Please help your doctor to identify any risk of
complications by carefully reporting your health status and medical history.

8.2.5 Frequently Asked Questions

Dear Patient,

To sum up this information supported by scientific data, we would like to answer
some of the frequently asked questions. (The footnotes might provide your doctor
with scientific additional background information in case you will ask for more
detailed medical consultation.)

1. Might cold plasma application be effective in my case?

Yes, we recommend the application of cold atmospheric pressure plasma for the
curative treatment of chronic and infected wounds or prevention of surgical site
infections.Randomized clinical studies and reviews have confirmed the effectiveness
in decontamination and tissue regeneration even for prevention and in skin diseases
caused by multidrug-resistant organisms.”

We suggest the palliative treatment of ulcerated, open, anaerobically contami-
nated tumor metastases with cold atmospheric pressure plasma as a measure of germ
reduction to mitigate odor development and pain.’

If necessary, the treatment should be supplemented by appropriate wound
debridement and by specialist care for relevant comorbidities.

2. How is plasma medicine working?

Medical cold plasma devices generate an ionized gas, visible as a tiny blue light with
body temperature. The main active components of this plasma are reactive nitrogen
and oxygen species (RNS, ROS), UV radiation and electric fields.* The ionized gas
directed towards the medical target area will induce proliferation of relevant wound
cells, stimulate blood perfusion of the compromised tissue and reduce significantly
contamination and infection with pathogens.’

2 This recommendation is based upon randomized clinical studies of cold atmospheric pressure
plasma for the curative treatment of chronic and infected wounds [12, 68, 69, 89] and current expert
consensus of 14 scientific medical societies in Germany actively involved in cold plasma medicine.
3 This suggestion is based upon several pilot studies, case reports and clinical experience [67, 84].
4 Certified plasma sources either generate a fine beam plasma (jet concept), or emit a flat, carpet-like
plasma (Dielectric Barrier Discharge, DBD) [7, 13, 26-28, 42, 53, 73, 92, 93, 95, 100, 101, 105,
106]. Plasma jets are particularly suitable for precise application of plasma directed under visual
control and without touch of the wound or tumor, and for treating deep wound craters, fistulas, and
undercuts. DBD-devices are well suited for use on large, flat treatment areas. The composition of
cold atmospheric pressure plasma depends on the source design and variables such as room air,
humidity, and skin surface.

5 Plasma devices are approved for treating delayed wound healing and microbially contaminated
wound and tumor surfaces, skin, and mucous membranes [12, 15-17, 19, 20, 22, 29, 30, 33, 34, 36,
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3. Is plasma medicine safe?

Yes, there are no scientific reports of carcinogenic, genotoxic, or mutagenic effects
linked to the application of cold atmospheric pressure plasma.® Since plasma treat-
ment is local and limited in time, the risk of side effects associated with the entry of
ROS and RNS into the tissue is assumed to be extremely low under normal conditions.

4. Are plasma medical devices approved?

Your doctor is using an approved medical device, belonging to a number of plasma
sources with comprehensive physical and biological characterization and detailed
preclinical and clinical investigations to prove efficacy.’

This statement does not include several other plasma tools on the market that
claim to be suitable for “plasma medicine” but have no or very inadequate physical,
technical, biological, or clinical references to prove this.®

5. How is the risk of local or systemic side effects and complications?

Approved plasma devices are in clinical use since 2013. There are no case observa-
tions or clinical studies in the literature that report severe side effects of any kind,
including carcinogenesis or genetic damage. Cold atmospheric pressure plasma has
no clinically discernible thermal effect because, when applied correctly, it barely
exceeds the skin temperature of the target area. Slight local effects have to be consid-
ered, such as minor pinprick or irritation related to the tip of the plasma plume when
using plasma jets. In very rare cases and unclear connection, a brief and mild redness
of the skin following unintended touch might occur.

6. Can cold plasma cause cancer?

In many laboratory and animal experiments, physical plasma was examined for a
possible induction of cancer. Although natural damage to the DNA could be shown

38-40, 43, 44, 51, 52, 60, 65, 67-69, 74, 77, 81, 84, 89, 97]. Randomized clinical studies[12, 68,
69, 89] and reviews [6, 55, 88] have confirmed the effectiveness, even for skin diseases caused by
multidrug-resistant organisms.

6 The absence of mutagenic effects on mammalian cells has been demonstrated by means of estab-
lished standard test methods [5, 11, 61, 107], in a long-term animal study [83], and in long-term
clinical observations[66, 82]. The UV exposure associated with the use of cold atmospheric pressure
plasma is well below the general limit values for personal and occupational safety [4, 14, 59, 76].

7 The application for treatment purposes is authorized by CE certification as medical devices class-
IIa according to the European Council Directive 93/42/EEC. These devices are approved for the
treatment of chronic wounds and pathogen associated skin diseases. The approval is based on a
comprehensive physical and biological characterization as well as detailed preclinical and clinical
examinations [4, 35, 56, 62, 79, 85, 96, 103].

8 Advances in clinical plasma medicine and its increasing visibility in the media gave rise to dubious
providers who advertise devices and corresponding therapies under the name of plasma medicine.
Only certified plasma devices whose effectiveness has been confirmed by scientific studies and
expert consensus should be used in clinical plasma medicine.
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in some cell experiments, cancer induction could not be demonstrated neither in
animal experiments nor in long-term clinical studies.’

7. How is the plasma medicine procedure going on?

The treatment is following a basic standardization with some individual adaptations,
and many application parameters are specifically dependent on the respective type of
plasma source. We suggest delegating the application of cold atmospheric pressure
plasma to a qualified nurse if circumstances permit.'”

The effectiveness of cold plasma in healing of chronic wounds and treatment of
infected skin is well documented. However, there are always a couple of patients
without positive treatment results for unknown reasons. Plasma medicine plays an
important role in wound healing—but it is not the only player. Steady debridement,
proper wound dressings, restoration and perfusion of vessels, lymphatic drainage,
and keeping relevant co-morbidities under control are important as well. This is
especially true for chronic wounds.

8. Is the medical effect well controllable?

In wound healing the medical effect can easily be controlled by measuring the regain
of skin cover and the shrinking of the wound surface. On-going photo documenta-
tion is important. Documents will include scale and date and follow the very basic
requirements of scientific medical photography.

9. Does it hurt?

Some patients experience mild pain and an increased production of wound drainage.

The ozone odor linked to plasma treatment can be unpleasant for some patients,
especially when used intraorally. Depending on the treatment region and duration
of the individual application, it can be helpful to use a dental suction device and to
ventilate the treatment room well.

When applying cold atmospheric pressure plasma to intraoral lesions, sensitive
tooth areas can be covered with a cotton swab to alleviate stinging sensations. When
used in the periocular region, the eye should be protected by a cover.

9 No serious adverse effects (carcinogenesis or genotoxic and mutagenic effects) associated with
the application of cold atmospheric pressure plasma have been reported [3, 5, 9, 11, 18, 31, 32, 41,
47, 54,57, 58, 61, 66, 82, 83, 98, 107-109].

10 prior to application, it can be useful to remove any biofilm from the treatment area. No drying
is required since plasma treatment is more effective when moisture-mediated [84, 102]. Due to the
largely painless application, local anesthesia or cooling are not necessary during treatment.

Most clinicians have had good experience with an exposure time of 1 min/cm?. According to the
concept of hormesis, shorter applications tend to have a stimulating effect, longer applications tend
to inhibit. The therapy plan for wound treatment should include a few applications per week (2-3
x) with a longer break in between (2-3 weeks). A pure antisepsis and decontamination treatment
should include several applications in a row (daily for 1 week). The stimulation of tissue regeneration
is independent of the antisepsis [89]. Plasma treatment should be supplemented by appropriate
wound debridement. and by specialist care for relevant comorbidities. Once the epithelial cover of a
wound is closed, the treatment can be completed. No maintenance therapy is necessary. In palliative
medicine, the degree of olfactory relief serves as indicator of treatment progress.
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10. Will I see a quick medical effect?

Wound healing is never quick. You have to know that it takes stamina by all persons
involved and sometimes many weeks of repeated treatment to reach a reasonable
result.

11. Can bacteria become resistant when treated by plasma?

One of the significant advantages of plasma medicine compared to other anti-
microbial therapies is its effectiveness against multi-resistant skin and wound germs.
From the opposite point of view, the development of new resistances when treating
germs with plasma has never been described—neither in clinical cases and studies,
nor in pre-clinical and basic research.

12. Is there an inhibitory effect on my normal flora?

Jet plasma devices are able to precisely direct the flame to the surface and extension of
wounds without significantly touching unaffected skin or normal flora. DBD medical
devices with a plasma carpet may have an overlapping field of action affecting skin
with normal flora. However, in principle, there are no case reports or pre-clinical and
basic research studies mentioning problematic effects on the normal flora in clinical
plasma medicine.

13. Could it be done easier? Are there no alternative solutions?

Patients suffering from problematic wounds usually have experience with many
alternative but fruitless solutions. The crucial point should therefore not be whether
there is a simpler option, but which option is the most effective.
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Abstract Recently, medical devices using atmospheric pressure plasma have been
introduced to people. Medical devices using atmospheric pressure plasma have
different safety points from traditional medical devices, so a new standard is
needed. In this chapter, we will introduce the measurement factors for the safety
of atmospheric pressure plasma medical devices.

9.1 Background

Atmospheric pressure plasma is being used in various fields such as agriculture,
medicine, and semiconductor industry [1-3]. Among them, it is being applied as
a treatment device of a new concept in the medical field. Conventional medical
devices diagnose or treat diseases using heat, light (laser, LED, lamp), radiation,
and electrical stimulation [4-9]. On the other hand, plasma medical devices treat a
patient’s condition using electrons, active species, UV, etc. generated from electric
discharge (Fig. 9.1).

It is difficult to apply the 60,601-1 based standard to plasma medical devices.
Accurate safety standards for plasma active species, plasma current, plasma temper-
ature, etc. and standards for measuring these factors are required. Therefore, plasma-
based medical devices are suitable for plasma medical devices that use a mechanism
different from that of existing medical devices. A new standard is needed [8, 9].

Various plasma medical devices are being launched worldwide. ADTEC Health-
care’s adtec steriplas, Germany’s neoplas tools, Wacker, Cinogy, Terraplasma, etc.
are presenting medical device products for the purpose of wound treatment.

According to a report by Mordor Intelligence, the size of the plasma medical
device market, where various plasma medical devices are being released, is expected
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Fig. 9.1 Schematic diagram of the interaction between atmospheric pressure plasma and wound
treatment

to grow from 2.17 billion USD in 2019 to 4.59 billion USD in 2024. This shows
a growth potential of 16.2% annually. The market share according to the scope of
application is 37% for wound treatment equipment, 25% for hemostatic equipment,
and 20% for dental equipment [10].

What is difficult to apply to atmospheric plasma as an existing international stan-
dard is that there are no measurement methods and standards for various active species
generated from atmospheric pressure plasma generators. The measurement methods
and standards in the existing ISO 6768:1998, ISO 7996:1985, ISO 10313:1993,
and ISO13964: 1998 standards are for atmospheric ozone, NO, and NO,, and are
applicable to the plasma medical devices discussed here. It is difficult to do. IEC
60,601-2-76 is a standard for hemostasis and does not contain regulations on active
species.

Standards for plasma medical devices can be found in the German national stan-
dard DIN spec 91,315 and the guidelines published by the Korean Ministry of Food
and Drug Safety. DIN spec 91,315 results in physical properties such as temperature,
thermal output, optical emission spectroscopy, gas emission and leakage current. In
addition, the results of biological efficacy such as Microbial inhibition zone assays,
Treatment of microbial suspensions, and Treatment of human cells are presented. Two
guidelines in Korea suggest methods and standards for measuring the density, ozone,
nitrogen species generation, temperature, and leakage current of plasma medical
devices. Currently, in order to sell medical and cosmetic devices using plasma in
Korea, you must satisfy the criteria of these two guidelines to obtain a license.
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9.2 Confirmation of Plasma ME for Wound Treatment

As various medical devices using atmospheric pressure plasma are released, the
need for a definition of a device using plasma is emerging. Atmospheric pressure
plasma medical devices are different from traditional medical devices, and they
have the characteristics of plasma and are being medically applied. It has a stark
difference from devices using negative ions or photocatalysts. Based on the unique
characteristics of atmospheric pressure plasma, we are going to propose a method
that can define atmospheric plasma medical devices.

Atmospheric pressure plasma tries to use the spectrum seen during discharge.
Among traditional medical devices, the spectrum of a medical device using an LED
that generates light and a medical device using a LASER have different character-
istics from those generated by plasma. In addition, the spectrum of plasma shows
characteristics different from the spectrum of light generated by an anion generator
or a photocatalyst.

Figure 9.2 shows the spectrum of plasma, LED and laser. As shown in the figure,
the spectrum of LED has a bandwidth of about tens of nm with respect to the center
wavelength and shows low light output. LED basically emits light in RGB color, but
it emits light in various colors depending on the purpose. The spectrum of LASER
has a linewidth of less than 1 nm and shows high light output. On the other hand,
the spectrum of atmospheric pressure plasma shows the spectrum of N, SPS (300-
400 nm) and N, FPS (500-700 nm) of nitrogen molecules when discharging using
the atmosphere, and when discharging using argon, Ar * atoms (700-850 nm).

,-\
©
2
Gi
=

Intensity (a, u.)

Intensity (a. w)

Wavelength (nm)

(d) (e)

Fig. 9.2 Spectrum of a N» DBD plasma, b Ar DBD plasma, ¢ Air soft jet plasma, d LED and e
laser
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In this way, by using the spectral characteristics of atmospheric pressure plasma,
itis intended to present a standard that can be named as atmospheric pressure plasma
medical device only when certain spectral conditions are satisfied.

9.3 The Role of RONS in Cancer Therapy Protection
Against Excessive Reactive Species

Plasma discharge at atmospheric pressure generates reactive oxygen species (ROS)
such as ozone, OH, and H,O, and reactive nitrogen species (RNS) such as NO
and NO, [11]. Plasma-generated reactive nitrogen-oxygen species (RONS) play
an important role in biological interactions [12, 13]. Some RONS are toxic and
require caution in biological applications. For biological applications, control of
RONS generated by atmospheric plasma is essential. In order to secure the safety of
medical staff and patients using atmospheric plasma medical devices, it is necessary
to present safety standards and accurate measurement methods for active species.

In general, ozone and nitrogen dioxide are known as air pollutants that have a
detrimental effect on the respiratory system of humans and animals [14, 15]. Long-
term exposure to ozone is reported to be related to the occurrence of asthma [16].
If the ozone concentration in the atmosphere is 0.02 ppm or more, you can smell it.
The safety standard recommended by the Korean Ministry of Environment and the
American Conference of Governmental Industrial Hygienists (ACGIH) in the United
States is 0.05 ppm. Living and working below this standard are not dangerous. If more
than 0.44 ppm NO; is produced, people can smell it. NO, gas can cause cardiovas-
cular disease with prolonged exposure [17, 18]. The safety standard recommended
by the Korean Ministry of Environment and the US ACGIH is 3 ppm, which should
not be exceeded for human and animal health.

On the other hand, NO gas is known as an essential substance for maintaining
homeostasis of the human body [19, 20]. In particular, NO is reported as an antibac-
terial substance that plays a particularly important role in the immune system to
protect the human body from microorganisms [21].

The active species measurement method of atmospheric pressure plasma medical
devices can be divided into two. The first is the definition of the site for measuring
the active species. The second is the definition of the measurement distance. Each
active species has an individual lifetime. Therefore, measurement results according
to the measurement location or distance are required.

First, the measurement location will be described. The measurement method of
RONS suggested in the plasma medical device standard is measured in three places
as shown in Fig. 9.3 [22]. Figure 9.3a shows the method for measuring RONS at the
front of the plasma generator. Figure 9.3b, ¢ are methods for confirming the effect on
the medical staff including the patient when the RONS generated from the plasma
generator is diffused.
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Fig. 9.3 Measurement method of gas emission at different angle, a 180°, b 90°, ¢ 45° [23]

Let’s discuss the measurement distance. The distance between the plasma medical
device (or quartz glass) and the active species detector is divided into use on the face
and on the body other than the face. If the medical device is used on the face,
the measurement position is measured at a distance of 5, 40, 50, and 45 mm from
the edge of the device. These distances are assumed to be used under the nose,
cheeks, forehead, and chin. When using a medical device on the body except for
the face, measure at the distance set by the manufacturer according to the product
characteristics and purpose of use. The measurement time is during the use time of
individual medical devices to measure the amount of RONS. When used on the face,
the measurement time for each location is determined by dividing the intended use
time by the number of parts to be measured [24] (Fig. 9.4).

Figure 9.5a is a schematic diagram of ozone measurement of soft plasma jet using
detector (200 series, aeroqual) [23]. Figure 9.5a is the result of ozone measurement
according to distance. In Fig. 9.5b, ozone generated from the soft plasma jet was
measured to increase with distance, and slightly increased with increasing off time.

Fig. 9.4 Example of the
measurement position when
using it on the face [24]
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Fig. 9.5 a Ozone measurement, b ozone concentration versus distance under several off-time
durations in discharge for soft plasma jet [23]

9.4 Plasma Current

The measurement of plasma current is an electrical safety device. It is a safety
standard to protect against electric shock that can be applied to a patient from a
plasma medical device.

The electric current between the plasma and the skin is also one of the biological
effects of plasma. Among the existing medical devices, there is a device that expects
a therapeutic effect by flowing an electric current to the patient. Safety limits and
measurement methods for the current flowing through the patient are specified in
IEC 60,601-1-1. The safe value of patient current given in IEC 60,601-1-1 is 100
WA [25]. Sensitive people may feel uncomfortable by sensing current even if the
tolerance is met. Detection thresholds vary from person to person, and vary by age
and gender. From a physiological point of view, the tolerances given in IEC60601-1
do not pose a health problem [25].

The measurement was proposed based on the standards related to medical devices,
IEC 60,601-1 and IEC 60,601-2-76. The figure shows a schematic diagram of a
typical leakage current measurement. Plasma current values are defined by placing
a copper plate opposite the plasma device and measuring the current in the copper
plate.

The Fig. 9.6 shows the plasma current measurement result for the soft jet.
UNIMET® 800ST, BENDER was used as a plasma current measurement device,
and the current flowing through the copper plate was defined as the soft jet plasma
current [22]. Plasma current was measured when the distance between the soft jet
and the copper plate was increased. As in Fig. 9.6b, the current was measured only
up to 2 mm from the soft jet nozzle, and the current beyond 3 mm from the nozzle
was not measured anymore. The lower measurement limit of the instrument is 1uA
[23].
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Fig. 9.6 a Schematic diagram of plasma current, b plasma current versus distance under off-time
[23]

9.5 Plasma Temperature

Heat is also generated during atmospheric pressure plasma discharge. There should
be no burns due to heat generated by atmospheric pressure plasma during wound
healing. Therefore, it is necessary to measure the thermal energy generated from
atmospheric pressure plasma or the temperature transferred to the skin. According
to IEC 60,601-1-1, the temperature of the medical device must not exceed 40 °C.
However, a slight increase in temperature can cause proliferation of live keratinocytes
[21]. Therefore, atmospheric plasma treatment can actively induce wound healing
and tissue regeneration if the temperature does not exceed 40 °C. It is also well
known that above this temperature can cause protein denaturation and membrane
destruction.

The plasma temperature of soft jet is shown in Fig. 9.7 [23]. The plasma temper-
ature is measured according to the distance from plasma devices. Figure 9.7b shows
the temperature according to the distance of the soft jet. The soft jet can be safely
used regardless of the distance when the off time is 200 and 250 ms. When the off
time was 150 ms, the temperature was measured to be less than 40 °C at 4 mm. This
distance will be the recommended use distance for the soft jet. It should be used on
patients at this distance to keep the plasma temperature below 40 °C [26, 27]. These
are the biologically safe temperatures allowed by IEC60601-1-1.
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Biological Effects of Pulsed High-Power i
Microwaves
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Abstract Microwaves have been incorporated into nearly every part of our life
because to the tremendous innovations in science, technology, and inventive high-
power microwave (HPMW)-based systems. Due to improvements in electronics and
novel microwave-based systems, microwave radiation has become a necessary part
of modern life and is difficult to avoid their exposure. Humans are swimming like
fish in a vast ocean of different radiations in this environment, resulting in frequent
exposure. As aresult, studying the biological impacts of these radiations has become
an important subject of study. Microwave radiations have positive, negative, and
neutral effects, which are highly dependent on electromagnetic field strengths, oper-
ational frequencies, and exposure times. With advancements in medical technolo-
gies, microwaves have played a major role in the treatment and detection of early-
stage tumors; however, they can also have adverse effects on the human central
nervous system, including neurotransmitters, which play a key role in passing singles
inside the human body. The primary objective of this chapter is to outline how
microwave radiation affects living things and the processes by which they do so. By
contrasting microwave frequencies and power densities, this chapter also highlighted
new methods for assessing how microwave radiation affects biological systems.
Today, advancements in pulsed HPMW technology are being made specifically for
military applications. This chapter also provided an overview of recent approaches
for studying the effects of HPMW. In order to establish correlated safety standards
by maximizing beneficial and minimizing detrimental effects of microwaves, it is
essential to consider the health effects of particular frequencies when developing
microwave-based applications. New strategies and a number of other factors also
need to be subjected to further experimental studies.
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10.1 Introduction

Microwaves have been incorporated into nearly every part of our life because to the
tremendous innovations in science, technology, and inventive high-power microwave
(HPMW)-based systems. In this atmosphere, people move around like fish every
day in the vast electromagnetic (EM) wave ocean. A wide range of applications of
microwaves has led us to investigate their biological effects. The EM field interaction
with biological systems and its consequences for human health were described in
this chapter.

Non-ionizing radiation refers to microwaves (frequency range: 300 MHz-
300 GHz). In its broadest sense, the term “microwaves” refers to a number of bands
that are separated by various frequency ranges. Additionally, microwaves operating
in the 1-300 GHz frequency band with peak power exceeding 100 MW are often
classified as HPMW. The HPMW is used in different fields of modern technologies
and become an essential part of our commercial, military, and medical life [1, 2] and
modern science [3—10]. It is worth noting that both low power microwaves (LPMW)
and high-power microwaves (HPMW) have been considered for the development
of new medical devices and the modification of existing systems. In the medical
domains microwaves with frequency ranges between 400 kHz and 10 GHz are now
intensively being investigated. They are also being researched for diagnostic uses,
including early cancer diagnosis, organ imaging, tumor detection, and more.

10.1.1 Origin of Pulsed HPMW

The HPMW has arisen in recent decades as a revolutionary technology that allows
new applications and gives cutting-edge approaches for improving those that already
exist. Intense relativistic electron beam (IREB) technology is currently used to
produce HPMW, which taps into immense stores of power and energy. In the 1880s,
Hertz invented artificial microwaves. The radio was developed in the early twen-
tieth century working at low frequencies with grid tubes. Most scientists realized in
the 1930s that using various resonant cavities, greater frequencies may be achiev-
able. By following this idea, a klystron device is developed as the first cavity device
in 1939 [11]. In the 1960s, electrical technology has been developed with pulsed
power, which leads to beam production with a high voltage pulse exceeding 1 MV
and a flowing current of 10 kA. This relativistic electron beams (REB) were helpful
for high-energy density physics research projects including simulating the effects
of nuclear weapons and inertial confinement fusion. The obtainability of REB and
understanding of wave-particle interaction from plasma physics helps to generate
HPMW.
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10.2 Applications of HPMW

The HPMW was influential in a multitude of sectors from which major applica-
tions are industrial, military, communications, medical, radar technologies, ultra-
wideband, fusion heating, linear collider, accelerators, and astronomy. A brief
explanation of major applications of HPMW is described below.

10.2.1 Military Based Applications

The military uses HPMW devices that cover radar technology, communication
systems, electronic countermeasures, electronic warfare. Also, HPMW can be used
as a “nonlethal weapon”. The radar technology expanded with the availability of
HPMW with high power and a shorter wavelength. The detection range of the radar
is extended which helps to detect a target of a small cross-section. Also, the HPMW is
useful as a direct energy weapon, which damages their selected target with the highly
focused energy of HPMW. These weapons are useful to target, missiles, optical and
electrical devices, personnel, and vehicles.

10.2.2 Industry Based Applications

Penetrating and delivering energy through specific materials is a key characteris-
tics of microwave. To understand this a simple example is a microwave oven. Due
to this amazing property, the microwave has a significant impact and becomes a
part of industrial needs. HPMW is useful in many industries for different reasons.
The microwave for industrial applications including agriculture controls the insects
by heating for certain periods with high temperature, chemicals, foods, papa
rand textiles, automotive industry, and power transmissions of satellites, etc. [12].
Microwaves can be used in the separation of isotopes which resulted in many prac-
tical. This necessitates extremely stringent criteria for fixed phase and frequency
stability. The most common application of microwaves in the industry at all generated
frequencies is diagnostic for the process control.

10.2.3 Medical Applications

Microwaves have several applications in everyday life [13], most commonly in the
medical industry to induce localized dielectric heating to desiccate human tissues,
which is known as microwave ablation. Microwaves have played a vital role against
cancer in recent decades. The microwave-based technologies provide the facility to
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monitor and treat cancer diseases at early stages. However, microwave ablation is
mostly used to remove the unwanted tissue masses, for example, liver tumor, lung
tumor, and prostrate ablation, and in the treatment of large tumors. Microwave abla-
tion can benefit cancer patients who are experiencing a critical condition and unable
to undergo surgery. The microwaves can also be used for imaging, sensing, bone
imaging, early diagnostics, detection of the tumor, blood clot and blood stroke detec-
tion, heart imaging, and early detection of breast cancer [14—17]. The most modern
and common areas of microwave medical applications include cardiology, oncology,
gynecology, Rhizotomy, otolaryngology, ophthalmology, cosmetic treatment, and
dental treatment [12, 13].

10.2.4 Communication Satellite and Astronomy-Based
Applications

Applications of communication satellites for transmission at frequencies between 35
and 94 GHz, when the transmission window occurs in the natural environment. There
are two factors to study this development. First, the saturation of the present band at a
lower frequency, and second, rise in the bandwidth at high frequencies and advance-
ment in the directionality. These applications demand low power, light weight,
great reliability, and consistent gain characteristics [18]. Moreover, the existence
of these sources will help the astronomers to achieve millimeter and submillimeter
investigation of the space [18, 19].

10.2.5 Spectroscopy

Microwaves are useful in electron paramagnetic resonance spectroscopy. In chem-
ical schemes, it delivers the information on the unpaired electrons like transi-
tion metal ions of free radical. The microwave was also used in rotational spec-
troscopy and together with electrochemistry, which is known as microwave enhanced
electrochemistry.

10.3 Important High Power Microwave Sources

Many HPMW sources exist which are fundamentally operating with different
working principles, oscillating frequencies, and power ranges [20, 21]. Generally,
HPMW devices produced microwave radiations by the emission of IREB [22-24].
The IREB radiates because of their oscillations which are transverse to the motion
of beam direction due to the external force. In addition to having the capacity to
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operate at high oscillation frequencies, HPMW devices have significant peak power
output capabilities. A virtual cathode oscillator, or vircator, is regarded as the finest
class of oscillators to make HPMW at low voltages out of various existing HPMW
sources [25].

10.3.1 Backward Wave Oscillator (BWO)

The BWO, which is a vacuum tube that is part of a traveling wave tube that produces
HPMW, was first shown in 1955. It is a wide tuning range oscillator. In concept, an
electron gun could be employed to generate an electron beam capable of interacting
with the slow-wave structure. By reversing the propagation of a moving wave against
the beam direction, this slow-wave structure kept the oscillations going. The resultant
EM wave power has a group velocity that is perpendicular to electron mobility. The
output power is related outward near the electron gun.

10.3.2 Gyrotrons

A kind of free-electron maser is the gyrotron, that produces high-frequency electro-
magnetic waves (20-527 GHz) by activating electron resonance owing to the existing
of a powerful magnetic field. Because the gyrotron dimensions are significantly larger
than the wavelength, it can create high microwave power in the millimeter wavelength
area ranging from kilowatts to megawatts. A high anode voltage has accelerated this
beam, which is going through a large resonant cavity with a strong axial magnetic
field. Because of the magnetic field, electrons pass helically through the tube. The
electrons emit the EM wave in a transverse direction when the magnetic field in
the tube reaches its maximum magnitude. These millimeter EM waves generate a
standing wave in the drift tube, and a collector at the end of the guiding tube collects
the waste electrons.

10.3.3 Magnetrons

The HPMW is produced by a magnetron, which is a high-power vacuum tube. In
1910, an early magnetron device was constructed, and in 1935, an advance magnetron
with many cavities was invented. The electron stream interacts with the magnetic
field as it moves to a sequence of open metal cavities known as cavity resonators
in the magnetron concept. The electrons in the beam go through the aperture to
these resonant cavities, causing the radio wave inside the cavity to oscillate and
produce the microwave frequency. Unlike other vacuum tubes such as the TWT or
klystron, the magnetron cannot be employed as an amplifier to boost the power of
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an applied microwave signal. From the direct current provided to the vacuum tube,
the magnetron acts as an oscillator to produce HPMW.

10.3.4 Vircator

Figure 10.1 shows the basic vircator used to generate HPMW. The vircator is a special
class of oscillator as compared with other HPMW devices because it can produce
HPMW with the gigawatt level power ranges in the centimeter wavelength regimes
[18, 26, 27]. To fulfill the need for HPMW in the future, vircator is considered as a
hopeful oscillator because of some advantageous factors: it can produce high power
of microwaves, potential to work at high frequencies, being capable of functioning
in the absence of an external magnetic field, operate at low impedance and produce
high power at relatively low given voltages, simple in construction, easy to build,
and easy to understand the mechanism [28—-30]. Despite the oscillator’s advantageous
characteristics, the low conversion efficiency of IREB energy to HPMW radiation
energy (traditionally <10%) prevents its use. Because of this, vircator efficiency
enhancement is a significant and active area of study [31-33]. The suitable approaches
are being used by researchers to boost the efficiency of this oscillator [3, 25, 29, 30,
34-42]. Recently, the vircator was developed with record efficiency by forming multi
virtual cathodes [28, 43].
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Fig. 10.1 The basic schematic of vircator. The real cathode, anode, and virtual cathode make up
the vircator. The letters d o and dy. stand for the distance between the anodic foil and cathode and
the anode and virtual cathode, respectively
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10.3.5 Basic Concept of Vircator

The conventional vircator is composed of a cathode for IREB injection, an anode
grid (mesh), and a virtual cathode (VC). This VC is known as the source of the
HPMW [27, 30, 44]. The requirement that the injected beam current surpasses the
limiting current must be met in order to produce HPMW from vircator [24]. The basic
schematic structure of the vircator was shown in Fig. 10.1, where dax indicating the
distance kept between cathode and anode which is commonly named as A-K gap
distance, and d,. is the spacing between anodic foil and VC position.

In the working principle of the vircator, an IREB was emitted explosively from the
cathode whose potential is —V}, and these injected beam electrons are accelerated
toward the anode position. Since the anode is transparent due to its mesh construction,
the majority of accelerated electrons that reach its location pass through it and enter
the drift tube area. If the IREB current 7, is higher than limiting current, IREB was
forced to be pinched by a tremendous self-rotating magnetic field [24]. A cloud of
electrons with a potential —Vj, similar to the actual cathode has therefore emerged
behind the anode [45], which is defined as VC [21, 24, 46—48]. Immediately following
the production of VC, the electrons start to move back to the anode location and start
to oscillate. The main electron reflection, VC-wide oscillation, or both considered to
characterize the mechanism of HPMW production from the vircator [46, 47].

10.4 Introduction of Vircator Based Pulsed Power
Generator, “Chundoong”

A relativistic pulsed power generator “Chundoong,” was used in our laboratory to
produce HPMW which is shown in Fig. 10.2. The “Chundoong” is a Korean term
that means “Thunder” in English. This device uses an IREB with maximum values
of 600 kV, 88 kA, and 60 ns for the voltage, current, and pulse length, respectively.
The water-filled pulse forming a line and the vacuum diode have a characteristic
matching impedance of 6.8 Q and a maximum charging DC voltage of £50kV. The
chundoong has the ability to generate HPMW at power outputs between several
hundred megawatts and gigawatts. The chundoong contains three major parts; Marx
generator, pulse forming line, and vacuum diode region. To produce a high voltage
pulse, a Marx generator with 12 stages of capacitors linked in series is employed.
The high voltage long pulse is reduced to a nanosecond pulse and sent to the vacuum
diode area via the pulse forming line. In the vacuum diode chamber, an IREB was
produced by the field emission from the surface of cathode and created a VC behind
the anode area where HPMW is produced.
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Fig. 10.2 Schematic and real image of pulse power generator, Chundoong [38]

10.5 Formation of Virtual Cathode and HPMW Generation

A dense VC was produced when the injected IREB current Iye,, significantly
surpassed the critical value of the space-charge limiting current Isc. [24]. The condi-
tion lpeam > IscL is essential for the development of a VC in vircator systems [24,
27]. When the cathode emits an IREB in an explosive manner, the beam is propelled
toward the anode location, which is largely transparent for IREB. Owing to the anode
transparency, most of the electrons pass through it and enter the drift tube region.
In vircators, when the Iy, into the drift, tube exceeds the Iscr, two forces, radial
electric force, and a self-generated magnetic pinching force, are present inside the
waveguide area and affect beam propagation which is as shown in Fig. 10.3. Due to the
predominant self-pinching force, the beam is compressed [49], caused by the strong
self-rotating magnetic field [48, 50]. Hence, the kinetic energy of the beam electrons
becomes minimum to propagate along with the axial position z. In a certain area of
the drift tube, these electrons gather as a cloud, and a deep potential VC is formed
with a potential that is practically identical to the real cathode. Where the location of
VC oscillates back and forth to its mean position, also a portion of beam electrons is
reflected towards the anode mesh position. Many electrons are reflected by the VC
in the direction of the diode, where they are finally reflected once more by cathode
potential. This oscillating behavior of the electrons is referred to as reflexing [21,
51-55]. The microwave generation mechanism is considered by these two factors,
electron reflection and oscillation of whole VC itself [21, 24, 27, 51, 56, 57].

10.6 Electromagnetic (EM) Field Interaction
with Biological Systems

Due to the presence of EM and other types of radiation in our environment, biological
systems are frequently exposed to such radiations. In past decades, hyperthermia and
radiometry are the major subjects to determine the effects of microwaves in biology
[58]. The pieces of evidences given by researchers through in vitro and in vivo studies
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indicate that the EM field directly affects the biological systems. EM waves pene-
trate through the human body and cause various changes as shown in Fig. 10.4. The
biological changes caused by the EM field might be harmful, beneficial, or none of
both. Specific EM energy absorption in biological systems, particularly in the head
and neck of humans, has drawn significant attention [59]. Many publications are
available on this topic that described the interaction of EM waves with biological
systems [58, 60, 61]. The possible mechanisms and interactions of EM waves with
biological systems have recently been provided [62]. EM wave impacts have been
seen at all biological levels, including microbial cells, animals, and the human [63].
Microwaves bring different physiological changes due to different frequencies and
power. The in-depth mechanism of microwave bio-interaction exhibited that EM
waves act as promoting agents to induce genetic changes in the biosystem [63]. The
microwave is highly interactive with the human nervous system [64]. There are still
unresolved problems addressing the proportional contributions of indirect to phys-
iological modifications heat effects and potentially direct non-thermal interactions
when examining EM wave (microwave) absorption on animals or people. Despite
these uncertainties, in vivo and in vitro research shows that microwaves have direct
impacts [58]. Studies that were carried out in temperature-controlled environments
indicate that a number of cellular endpoints are directly affected at different frequen-
cies and intensities [58]. The bulky molecular structures, such as cell-membrane
receptors and enzyme complexes, and the dielectric characteristics of biomacro-
molecules are related to the biological interactions that take place at the microscopic
level. The double layer of fat molecules that makes up the plasma membrane, has
an electrical gradient (the membrane potential) of roughly 0.1 V throughout width
in the majority of cells [65]. It has been hypothesized that this electrical gradient
(10° V/cm) acts as a reliable barrier against cell activation by weak EM fields in the
surrounding fluid [65].
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Fig. 10.4 Illustrations of typical home and commercial radiation sources, together with their
operational frequency bands and potential health consequences

10.6.1 Mechanism for Action of EM Fields in Biology

When an electric field is present, opposing charges polarize and swing in the opposite
directions from one another. However, this polarization also applies to particles with
no net electric charge, as well as to free charges that erratically exist in biological
tissue. In response to this polarization, electric dipoles were formed. The constant
repolarization of dipoles in an alternating electric field consumes a lot of resources
and absorbs the energy of the electric field. The water, which is present in large
amounts in living tissue and whose particles behave like permanent electric dipoles.
Dipoles constantly rotate about their axes in an alternating electric field, which makes
them absorb electrical energy [66]. Several hypotheses may describe the effect of
EM radiations in biology. The generation of powerful EM waves may cause the
temperature of biological tissues to increase. Biochemical alterations brought on by
EM waves that have less energy than necessary to directly ionize atoms can have a
variety of impacts. It is acceptable to assume that all imaginable mechanisms depend
on resonance, coherence, signal averaging, magnetic field heterogeneity, non-linear
effects, and magnetic fields with lower powers than those required [67].

The majority of ions are bound to water; as a result, the energy dispersion when
impacting water particles increases the system’s loss at radio frequencies, limiting
the degree of strengthening that may be produced in the resonance. The production
of additional potentials on the cell membranes, which obstruct ion transport, is one of
the theories frequently used to support the impact of radio waves on biological cells
[66]. Only when external fields are sufficiently strong and produce voltages of several
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hundred microvolts, significantly greater than those generated by the membranes of
organelles like mitochondria, is it feasible to change how ions are transported across
cellular membranes. Exposure to the non-physiological voltage of the whole-cell
organelles revealed that more energy is passed through the organelle membrane
when it is thicker than the cellular membrane and the organelles contain greater
ion concentrations [66]. The basis of this idea, which helps to explain how radio
EM waves influence cells, is that changes in molecular bonds alter the action of
protein enzymes [68]. Because biological proteins have a broad variety of structural
differences, it is reasonable to predict that exposure to EM fields will have an effect
depending on the protein structure [68]. Furthermore, several proteins are electro-
statically bounded, therefore, the EM fields may influence the protein structures
within the cells. It was already verified in investigations that EM fields can affect
the stability, denaturation, and aggregation of proteins [69, 70]. The structure of a
protein influences how efficiently it acts as an enzyme. In proteins, some side chains
of the amino acids are polar and will react differently when exposed to varied EM
fields.

10.7 The Biological Effects of EM Field of HPMW

The medical industry uses microwaves in a broad variety of ways [10, 71-76]. Induc-
tion of apoptosis in cancer cells, direct elimination of tumor cells, or reduction in
nodule volume have all been achieved by the use of microwave-based hyperthermia
and its combination with chemoradiotherapy as a noninvasive cancer treatment [77—
83]. Neurotransmitter disruption, hippocampal damage, and cognitive decline were
all observed in animals exposed to microwave radiation in the 860-2450 MHz
frequency range [80—89]. By causing morphological and functional damage to the
natural killer (NK-92) cells, pulsed HPMW impacts the autoimmunity [90]. The
biochemical and morphological levels are harmed by prolonged EM field exposure.
[91]. At the oscillation frequency of 2.856 GHz, the impact of pulsed HPMW on
bone marrow cells was also investigated recently [92]. As pulse HPMW is used more
often over time, concerns regarding the effects it may have on human health rapidly
arise and call for in-depth research.

10.7.1 Effect of EM Field on Skin

Because skin is the outermost organ exposed to radiation on a regular basis, the
effects of EM field on skin are particularly significant. It has been established that
microwaves contribute to the development of skin and brain malignancies. According
to one in vivo investigation, persistent microwave radiation in mouse skin at a
frequency of 10 GHz caused substantial alterations in the molecular markers of
the adaptive stress response [93]. In other studies, it was demonstrated that 25 GHz
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Fig. 10.5 Effect of HPMW on skin cancer cells. Reused with permission from [96]. Copyright
2020, Elsevier

microwave irradiation did not cause apoptosis or changes in pro-survival signaling
pathways [94]. According to a research, microwave exposure causes skin cancer
in mice and damages brain cells [95]. However, it is not well known how pulsed
HPMW radiation affects the biology of the skin. Because the skin is the body’s
outermost layer and is continually exposed to various radiations, it’s vital to look at
how HPMW radiations affect skin. In a recent research, the operating frequency of
the pulsed HPMW was 3.5 GHz, produced by employing the “Chundoong” device,
to evaluate the effects on skin normal fibroblast and melanoma cells [96]. Regarding
cellular development and energetics, potential impacts at the cellular and molecular
levels were assessed [96]. Interestingly, HPMW does not show any effect on skin
normal fibroblast cells, however, cell proliferation and increase in ATP levels were
observed in melanoma as shown in Fig. 10.5. These results demonstrate that HPMW
exposure can act as a stimulant for skin malignancies for up to 24 h. The exposure
of HPMW to skin cancer patients should be limited.

10.7.2 Effects of EM Field on the Reproductive system

At some specific frequencies, HPMW has been suspected of having negative impacts
on several human and animal body components. It was discovered that certain forms
of EM fields had negative impacts on the reproductive system and, in other circum-
stances, neutral effects [97, 98]. To examine the biological impacts of 1.5 GHz
HPMWs on the mouse reproductive system, an in vivo research was recently
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conducted [98]. The study team examined the effects of 1.5 GHz HPMW expo-
sure on testicles and spermatozoa in C57BL/6 mice. For that, two 15 min exposures
of 1.5 GHz HPMW with average absorption rates of 3, 6, and 12 W/kg were given
to the mouse groups [98]. The findings of this reported investigation show no appre-
ciable pathogenic or ultrastructural alterations in mouse blood testosterone levels,
testicles, or spermatozoa.

The reproductive system of mice exposed to 1.5 GHz HPMW over their entire
body did not undergo any discernible harm. The fertility potential of the male rat
was also adversely impacted by the 10 GHz EM field [99]. There are several studies
indicating the dependence of neutral or adverse effects of EM fields due to different
frequencies, on reproductive systems. EM field exposure with a frequency of 6 GHz
to chickens in vivo has been researched and published before [100], and no obvious
changes observed in terms of growth rate, feed efficiency, egg quality and production,
hatchability, or mortality. According to one study, the male reproductive system is
more prone to inflammation and testicular failure when exposed to 2.45 GHz EM
field [101]. In vitro study on human spermatozoa revealed enhanced cluster in genetic
level and protein expression as well as DNA breakage after exposure to an 850 MHz
EM field [102]. Similarly, in 900-1800 MHz, DNA fragmentation was observed to
be increased after EM field exposure [103].

When the level of mitochondrial ROS in human spermatozoa grows, viability
and motility drop, and DNA fragmentation occurs. At this stage, it is challenging
to formulate meaningful predictions concerning the damaging, positive, or neutral
effects of EM fields on human reproductive capacity. It is possible to predict if the
EM energy doses will have a negative, neutral, or favourable effect. Only when
doses are increased beyond a certain threshold can deadly consequences occur. The
research currently available is insufficient for drawing conclusive findings regarding
the amount and kind of EM radiation that causes harm to individuals. The value of the
EM field intensity must be quantified in order to do numerical assessments of energy
absorption; hence, research in this area is essential. Because the cellular membranes
of the reproductive organs differ between species, animal research cannot be directly
paralleled to human studies. Exposure to EM fields at higher frequencies, according
to studies done on both people and animals, increases the chance of a variety of
health issues.

10.7.3 Effect of EM Field on Brain

Microwave radiation has several beneficial consequences on modern civilization
[104]. In many nations, cerebrovascular injuries are the leading cause of physical
abnormalities and fatality. For example, by limiting chance, the frequency of brain
strokes can be reduced, and the discovery of relevant solutions should be prioritized.
Stroke increases the dynamic electric permittivity of brain tissues, which may be
identified by microwave tomography [105]. Microwaves were utilized to efficiently
treat a cold injury, avoiding amputation. Microwaves have been demonstrated to be
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advantageous [106]. Indeed, microwave imaging is a fresh and developing technique
for the early detection of many disorders, among other benefits [107].

On the other hand, microwave radiation dose was discovered to be most detri-
mental to the brain [108], with the hippocampal being especially susceptible [109—
112]. Previous research has demonstrated that hippocampal neurons are arranged
in orderly rows, with borders that are distinct, nuclei that are clear, nucleoli that
can be seen, and pyramidal cells that do not clearly display necrosis in unexposed
control rats. On the other hand, neurons of radiation-treated rats show edema and are
organized erratically. Additionally seen are nuclear pyknosis and capillary conges-
tion [113, 114]. In particular, microwaves can harm the brain (one of the two major
parts of the human CNS), especially the neurotransmitters that are crucial for signal
transmission inside the body [115]. Studies that have particularly examined whether
the CNS of children are more sensitive to EM field have been undertaken. This
is because a child’s CNS is at growing stage and more vulnerable to EM energy.
According to certain scientific findings in this regard, children’s CNSs are shown to
be more vulnerable to EM radiation than adults [116, 117]. In light of this, microwave
radiations have the potential to slow down the signaling process, which might cause
the body further impairment. On the other hand, microwaves have a lot of applica-
tions in the medical arena, including the early detection and identification of tumors.
Microwaves have been demonstrated to affect exposed biological systems in a variety
of ways, including positively, negatively, and neutrally. Numerous other reports have
demonstrated the detrimental effects of microwave radiation on the human brain, and
Fig. 10.6 depicts a schematic of the most prevalent negative effects of microwave
radiation on the brain and neurons.
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Fig. 10.6 The representation of the responses of brain to microwave exposure [62]
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10.7.4 Biological Effect of High-Power Short Pulses of EM
Field

The research has been undertaken actively from few decades on the interaction of
biological systems with millimeter-wave radiation as a promising anticancer therapy.
Millimeter radiations have several therapeutic uses, mainly in Eastern Europe, for
the treatment of over fifty diseases, particularly cancer. It was stated that more than
three million patients had favorable outcomes [118]. Eyes and skin are often the
main targets of 60 GHz EM radiation [119]. The cornea, which has a 75% free water
content and a thickness of 0.5 mm, absorbs the EM energy when exposed to short-
wavelength EM waves. To identify the effects of millimeter EM waves (60 GHz)
on the eyes, a recent study was carried out [120]. The obtained results show that
physiological changes are not evidently induced by millimeter EM waves with a
frequency of 60 GHz [120].

Exposure of cancer cells by millimeter wavelength range of EM waves causes
increased cell mortality. To determine if high-power EM field short pulses have dele-
terious effects on healthy mice, a recent investigation was carried out on mice [118].
To achieve this, a free-electron laser device was used to subject the skin of healthy
mice to dose-dependent exposure to 101 GHz millimeter EM waves (20-50 pulses).
The results demonstrated that the biological parameters of mice were within normal
limits after exposure. The physical, physiological, or behavioral state of the mice did
not significantly alter following exposure. Additionally, following the exposure, there
were no discernible changes in locomotor, exploratory, or anxious behavior, and no
pathological modifications were found after hematological and biochemical blood
examination [118]. According to these findings, millimeter 101 GHz EM waves have
no substantial physiologically damaging impacts [118].

10.7.5 Effect of Long-Time Exposure of EM Field

The influence of EM field exposure on the human neurological system is a devel-
oping public issue. The effects of prolonged exposure to EM fields on brain function
and associated pathways have recently been revealed [121]. After exposure, the
morphology of the brain was studied. The reported research determines that mice’s
hippocampus and cerebral cortex may be damaged by EM field exposure at 1.5 W/m?,
along with cholinergic dysfunction, cell death, and oxidative damage. Additionally,
the power density of EM field and the duration of radiation exposure were positively
correlated with the deadly consequences. These findings indicate that extended expo-
sure to the EM fields of HPMW may be damaging to the neurological systems of
humans [121].

Long-term exposure to a 50 Hz EM field reduced the diameter and increased the
number of seminiferous tubules per unit area of the testes, but had no discernible
effect on sperm concentration, testes, or viability [122]. In order to create HPMW
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Fig. 10.7 The treatment of physiological solutions, and their application on human cells

from our “Chundoong” pulsed power generator, an axial vircator was built. According
to Fig. 10.7, the physiological solutions (cell culture medium, distilled water (DW),
and PBS) were exposed to HPMW radiation. As a result, 1 mJ of EM energy was
applied to physiological solutions at the time of each pulse [123].

10.7.6 The Electric Field of HPMW Generated
by Chundoong

In the vacuum, in the air, and in the DI water, the HPMW electric field was examined.
A simulation of a three-dimensional particle in cell was used to examine the electric
field within the vacuum [123]. The electric field has a 70 kV/cm? magnitude inside
vacuum region. From the HPMW energy flowing Poynting vector, the maximum
electric field (En.x) has been calculated to be around ~11 kV/cm [123]. At each
HPMW pulse, the air-liquid solution interfacial area is affected by the electric field
of around 11 kV/cm produced by HPMW, which was shown to be similar to the
electric field of typical nonthermal atmospheric pressure plasma jet [124].

The electric field in the air and water areas of a test tube is determined to be
comparable (E = 11 kV/cm) from the electric field distributions for vacuum, air,
and physiological solution derived using HFSS (High-frequency structure simulator)
code, as shown in Fig. 10.8a. Additionally, it was discovered that the electric field
distribution in the water was in resonant nodal patterns along the test tube’s vertical
axis, with regular intervals of 2 cm, which is precisely equal to A/4. Under the
microwave frequency f = 3.5 GHz, both of these field distributions demonstrate that
the water dielectric constant is almost identical to that of air. The observed electric
field of HPMW is 11 kV/cm in air, which is comparable to the 10 kV/cm reading
from HFSS and the water’s interior at the same location. Therefore, the HPMW
electric field of 11 kV/cm in both the test tube’s air and water interiors would be
the primary cause of the excitation of water and nitrogen molecules. Additionally,
following exposure to HPMW, the temperature of the physiological fluids remained
unaffected, suggesting that the HPMW had no thermal effects.
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Fig. 10.8 a The HPMW electric field in a vacuum, in air, and in DI water, and b—d the concentration
of NOx in a biological solution following HPMW exposure [123]

10.7.7 Generation of Reactive Species by HPMW Exposure

It’s interesting to note that following exposure to HPMW, the NOx levels in a recent
research were seen in the DW, slightly rose in PBS, but remained the same in cell
culture medium [123]. These results are extremely useful and interesting for the
production of NO, by using HPMW. The interaction of the HPMW-induced electric
field with the gases in the surrounding air and the water itself may be used to explain
why NO, is produced in the physiological solution. The ambient atmosphere and
the inside of water naturally include molecular oxygen (O;), water vapor (H,O), and
molecular nitrogen (N;), respectively. The molecules oxygen and nitrogen that are
present in the air and the inside of water interact with the about ~11 kV/cm HPMW
electric field. As shown in Fig. 10.8b—d, this electric field interaction transforms
them into their atomic nitrogen N and atomic oxygen O species, which are then
mixed to form NO, and are absorbed into the liquid. The interaction of an electric
field comparable to that found in nonthermal atmospheric pressure plasma jets, the
HPMW electric field (11 kV/cm), was used to validate the generation of NO, [124].
Cellular NO homeostasis can be impacted and might undergo considerable variations
by exogenous NO, species supplementation [125—129]. Similarly, following HPMW
exposure, a modest rise in HyO, levels was seen in DW, but not in PBS or cell culture
medium. The make-up of PBS and its ability to act as a buffer can account for these
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variations in NO, and H,O; levels. Due to the questionable resonance excitation of
biomolecules in physiological solutions, theoretical explanations for the interactions
between physiological solutions and HPMW appear to have few possibilities [130].
Most of the time, these explanations are clear and include details on how proteins
interact in physiological solutions [131-133].

10.7.8 Bacterial Inactivation by EM Field of Microwave
Radiation

Research in this area is crucial because it examines the non-thermal effects of pulsed
HPMW on bacterial systems. From simple to complicated biological systems, it is
crucial to design HPMW applications. Using a chundoong machine, HPMW expo-
sure was administered to two distinct bacterial strains: gram-negative Escherichia
coli (E. coli) and gram-positive Staphylococcus aureus (S. aureus) in recent study.
As aresult of direct interactions between particular (polar) molecules at bacterial cell
surface and the electric field of 8 kV/cm produced by HPMW within the PBS with a
power density of 17 kV/cm? at the sample point, changes in cell shape occur, which
play role for intracellular oxidative defense failure and the inactivation of bacterial
cells caused by DNA damage [134].

Increased dosages led to almost a 6-log decrease in E. coli and a 4-log reduction
in S. aureus, which were the largest ratios of viable count reductions ever recorded.
Additionally, as shown in Fig. 10.9, scanning electron microscopy showed demon-
strated surface damage in both bacterial strains following HPMW treatment. DNA
damage and the deactivation of oxidation-regulating genes were implicated in the
inactivation of the bacterium.

3 (d)
. Diode Region Wave guide WR -284 1
; Receive Anten,

sample holder 2.60°3.95 GHz
Velvet Cathode | Virtual cathode
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Fig. 10.9 a The experimental setup for HPMW exposure is shown in (a), along with (b) a SEM
study of the morphology of E. coli and Sauers at various discharges of HPMW radiation and (d) and
(e) the inactivation of E. coli and S. aureus bacterial strains after HPMW exposure [134]
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Following HPMW treatment, levels of intracellular ROS grew, ultimately causing
the bacteria to experience fatal damage [134]. The killing of all bacteria present on
things is affected not only by the exposure period and item type, but also by the kind
of bacteria and microwave power intensity. It is believed that Bacillus stubilis var.
nigar is the best indicator bacteria for HPMW energy disinfection [135]. This finding
provides substantial support for the choice of indicator bacteria for microwave-based
disinfection as a new technological standard. According to estimates, HPMW steril-
ization has several benefits over traditional sterilizing and has the capability of being
utilized in any industry.

Biofilms have the potential to pose serious problems in the food and medical
industries [136]. Biofilms in processing equipment harm product safety and generate
health concerns among customers. Biofilms, such as those seen in surgical implants,
have been linked to approximately 80% of clinical infections [137]. Elevated temper-
atures reduced the elastic modulus and stiffness of staphylococcal biofilms, which
may be advantageous for biofilm removal. A magnetic field has been shown in
several studies to successfully eliminate biofilms; moreover, magnetic hyperthermia
can alter biofilm damage [134, 138]. This impact has been seen in (gram—positive
and gram—negative) bacterial biofilms, as well as including methicillin-resistant
Staphylococcus aureus and Pseudomonas aeruginosa biofilms [139].

10.8 Summary

With the progress of science and advanced technologies, HPMWs have been inte-
grated into approximately every aspect of human lives. In this environment, humans
are swimming like fish in the ocean of EM waves every day. Due to its many applica-
tions, HPMW has become a necessary component of daily living, raising questions
about its potential health impacts. Owing to the increasing number of HPMW based
technologies, it raises the concern to investigate its biological effects. The generation
and biological application of HPMW becomes an interesting and future important
field of research. Our HPMW device “Chundoong” utilizes an IREB to generate
HPMW and to study its biological effects. Pulsed HPMW showed nonthermal effects
on biological samples [96, 123, 134]. HPMW does not show any effect on skin normal
fibroblast cells, however, cell proliferation and increase in ATP levels in melanoma
were measured 24 h after exposure which drops to non-significant at 48 h. These
findings suggest that the HPMW exposure at high doses, it can act as a stimulant
for skin malignancies for up to 24 h. The exposure of HPMW (3.5 GHz) to skin
cancer patients should be limited [96]. In today’s contemporary style of life, it is
impossible to completely prevent EM field exposure during domestic and profes-
sional activities, but individuals should be aware of the biological risk posed by EM
fields. The embryonic development, the function of the gonadal organs, pregnancy,
and fetal growth have all been discovered to be altered by EM field exposure [140].
The whole body of mice exposed to 1.5 GHz HPMW did not cause noticeable injury
or damage to the reproductive system [98]. The frequency, power, and duration of
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the EM field amount of exposure time may all have a significant impact on these
EM field effects. To protect the human reproductive system, it is vital to minimize
unwanted exposure to EM fields and to develop techniques for shielding against or
relieving EM radiation.

In summary, the impacts of EM fields can be favourable, unfavourable, or neutral,
and these effects are highly influenced by the field’s intensity, frequency, and exposure
duration. The biological consequences vary depending on the EM field intensity,
frequency, and exposure length. In addition, it was crucial to set safety guidelines
for EM field exposure through trials in order to produce beneficial effects and reduce
potentially dangerous ones.
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