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Abstract 

Access to clean water is a key requirement for a good quality of life. However, due to 
climate change, population growth and lack of proper water treatment, the availability of 
clean water is in constant decline. Among the many waterborne contaminants, viruses 
present an increasing concern. Human waterborne viruses infect millions of people each 
year, thus posing a high health risk, while plant waterborne viruses can inflict severe 
damage to crops, leading to food shortages and financial losses. Therefore, due to the 
hazardous nature of these viruses, it is crucial to inactivate them.  

Cold atmospheric plasma (CAP) is emerging as a novel environmentally friendly 
method that can surpass the limitations of other water treatment methods to ensure 
sufficient virus inactivation. CAP is generally used for decontamination due to its 
antimicrobial properties, such as reactive oxygen and nitrogen species and ultraviolet 
radiation. 

Virus inactivation with CAP is a relatively new field, with many promising results. 
However, water decontamination with CAP for the purpose of virus inactivation has yet 
to be explored. Therefore, the main aim of this thesis was to evaluate CAP as a water 
treatment method, with a focus on virus inactivation. We used three viruses as model 
microorganisms: two important plant pathogens, potato virus Y and pepper mild mottle 
virus (PMMoV), and the bacteriophage MS2. Both PMMoV and MS2 are very stable and 
resistant viruses that can be used as surrogates of enteric viruses for water decontamination 
processes. We treated water samples that contained each of these viruses and accomplished 
their inactivation within minutes, regardless of the virus used. The mechanisms of virus 
inactivation were also examined, which showed that CAP can affect both viral proteins 
and their nucleic acids by oxidation with reactive oxygen species. As CAP is a complex 
mixture rich in reactive species, the potential cytotoxic or genotoxic properties of CAP-
treated water were also investigated. No toxic products were formed under the 
experimental conditions used.  

CAP has potent antiviral properties that can successfully inactivate even the most 
persistent waterborne viruses without producing toxic by-products. Therefore, it represents 
an alternative tool for water decontamination that can help reduce the occurrence of 
infections in humans and plants, and consequently prevent the development of food 
shortages, high financial losses, hospitalization and death. The need for such a tool for 
virus inactivation has been further confirmed by the COVID-19 pandemic, which has 
highlighted the lack of methods that can effectively stop virus transmission.   
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Povzetek 

Dostop do varne vode je ključen pogoj za kakovostno življenje. Zaradi podnebnih 
sprememb, hitre rasti števila prebivalcev in pomanjkanja ustreznih metod za čiščenje voda 
se razpoložljivost čiste vode konstantno znižuje. Virusi predstavljajo vse večji problem med 
številnimi onesnaževalci, ki se prenašajo z vodo. Humani virusi vsako leto okužijo milijone 
posameznikov in predstavljajo veliko zdravstveno tveganje, medtem ko rastlinski virusi 
povzročajo velike izgube pridelka, zaradi česar lahko pride do pomanjkanja hrane in visokih 
finančnih izgub. Zaradi škodljive narave teh virusov je ključnega pomena, da jih uspešno 
inaktiviramo.  

Hladna atmosferska plazma (CAP; angl. cold atmospheric plasma) se pojavlja kot nova, 
okolju prijazna metoda, ki lahko preseže omejitve ostalih metod za čiščenje voda in zagotovi 
zadostno inaktivacijo virusov. CAP se na splošno uporablja za dekontaminacijo zaradi 
dobrih protimikrobnih lastnosti, kot so reaktivne kisikove in dušikove zvrsti in 
ultravijolično sevanje. 

Inaktivacija virusov s CAP je relativno novo področje z velikim številom obetavnih 
rezultatov, vendar dekontaminacija vode s CAP za namene inaktivacije virusov še ni dobro 
raziskana. Zato je glavni namen te doktorske naloge ocena CAP kot metode za čiščenje 
voda s fokusom na inaktivaciji virusov. Kot modelne mikroorganizme smo uporabili tri 
viruse, dva pomembna rastlinska virusa: virus Y krompirja in virus blage lisavosti paprike 
(PMMoV; angl. pepper mild mottle virus) ter bakteriofag MS2. PMMoV in MS2 sta zelo 
stabilna in odporna virusa, ki se lahko uporabljata kot surogata enteričnih virusov za 
določanje učinkovitosti metod za dekontaminacijo voda. Vzorce vode, ki so vsebovali 
viruse, smo obdelali s CAP in dosegli učinkovito inaktivacijo že v nekaj minutah, ne glede 
na uporabljen virus. Preučili smo tudi mehanizme inaktivacije in pokazali, da lahko CAP, 
preko oksidacije z reaktivnimi kisikovimi zvrstmi, vpliva na virusne proteine in nukleinske 
kisline. Ker CAP vsebuje veliko reaktivnih zvrsti, smo določili tudi potencialne citotoksične 
ali genotoksične lastnosti vode, obdelane s CAP, in pri uporabljenih eksperimentalnih 
pogojih nismo zaznali nastanka toksičnih produktov. 

CAP ima odlične protivirusne lastnosti, ki lahko brez vnosa škodljivih stranskih 
produktov v vodo uspešno inaktivirajo tudi najbolj problematične viruse. Zato predstavlja 
odlično alternativno orodje za dekontaminacijo voda, ki bi lahko pomagalo zmanjšati 
okužbe ljudi in rastlin ter posledično preprečiti s tem povezano pomanjkanje hrane in 
velikih finančnih izgub ter visoko stopnjo hospitalizacij in umrljivosti. Pomembnost 
takšnega orodja se je dodatno izkazala med pandemijo COVID-19, kjer se je izpostavila 
velika potreba po metodah, ki bi lahko učinkovito ustavile prenos virusov. 
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Chapter 1 

1 Introduction 

1.1 Water Scarcity 
“Today, 785 million people – 1 in 9 – lack access to safe water, and 2 billion people – 1 in 
3 – lack access to a toilet. And more people have a mobile phone than a toilet” [1].  

Clean and safe water is a rare commodity in the world today. Water scarcity has become 
one of the biggest problems we face today, and it presents one of the greatest risks to 
society [2]. The driving forces behind this global challenge are population growth, 
industrialization, urbanization, climate change and lack of proper wastewater treatment 
[3]. The impact of climate change on water scarcity is manifested in the form of major 
shifts in hydrological conditions, including shrinking of the cryosphere, and increased 
occurrences of natural disasters, such as severe droughts and floods [4], [5]. In the last 20 
years alone, 74% of all natural disasters were water-related [5]. With population growth 
comes higher standard of living, urbanization, industrialization and agriculture, all of which 
require greater water intake [6]. Together with inadequate water treatment technologies, 
all of these factors make water an efficient transmission route for various human, animal 
and plant pathogens, including viruses.  

1.2 Viruses 
Roger Hull defined a virus as:  

“a set of one or more nucleic acid template molecules, normally encased in a 
protective coat or coats of protein or lipoprotein that is able to organise its 
own replication only within suitable host cells. Within such cells, virus 
replication is (1) dependent on the host's protein-synthesising machinery, (2) 
organized from pools of the required materials rather than by binary fission, 
(3) located at sites that are not separated from the host cell contents by a 
lipoprotein bilayer membrane, and (4) continually giving rise to variants 
through several kinds of change in the viral nucleic acid” [7].  

 
Viruses are the most abundant and diverse biological entities on Earth, a role that they 

have occupied for billions of years [8]. This has given them ample time to adapt to and 
reach various ecosystems. It has even been estimated that there are more viruses on Earth, 
about 1 x1031, than there are stars in the universe [9]. Viruses cannot survive without their 
hosts (which can be any kind of cellular life), so opinions are still divided as to whether 
they are alive or dead. However, one thing is undeniably true, they are the leading force of 
evolution on the planet [10]. The exact function of most viruses is not known, and often 
they do no harm to their host. Some viruses may even be beneficial to their host [11], or 
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have crucial functions in the environment [12]. Nevertheless, the word virus usually has 
negative connotations, which is particularly understandable as they have caused many 
epidemics and pandemics in the past [13]. HIV, Ebola, influenza, and severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) are just a few of the ‘viral celebrities’ 
that have given viruses such a bad reputation. Although not as infamous, waterborne 
viruses can also be very problematic, causing high crop losses, numerous hospitalizations, 
and death.  

1.2.1 Waterborne Viruses and their Transmission 
All water matrices are rich in viruses [14]–[17] where they play important roles, including 
preservation of carbon cycling, horizontal gene transfer, and conservation of prokaryotic 
diversity [15]. On the other hand, some waterborne viruses can also be pathogenic to 
humans, animals or plants. A few characteristics that make them particularly problematic 
are: survival in the environment for prolonged periods of time, resistance to conventionally 
used water treatment methods, and induction of infections even at low virus concentrations 
[18].  

All water sources can facilitate the spread of viruses, but irrigation presents the greatest 
risk, as it consumes about 70% of the water [19]. Solutions to this problem have been found 
in the form of reuse of wastewater, or implementation of closed irrigation systems that 
recycle the water, such as hydroponics. However, unfortunately a major drawback here is 
that this can facilitate the even more efficient spread of viruses. Therefore, if irrigation 
water contains human viruses, they might remain on the crops and cause infection upon 
consumption by humans [20], while plant viruses can directly infect plants and cause high 
crop losses [17]. In addition, consumption of infected water when drinking, showering or 
recreating, as well as other routes, can also lead to infections. The source of pathogens in 
such waters is often contact with domestic sewage, which has abundant levels of human 
[21] and plant viruses [22].  

1.2.1.1 Enteric Viruses and Bacteriophages as their Surrogates 

Water virology began to expand after the major hepatitis outbreak in New Delhi, which 
lasted from December 1955 to January 1956 [23], [24]. The origin of the epidemic was the 
drinking water, which was contaminated with sewage. It was later found that the causative 
agent was hepatitis E virus [25], [26]. However, this was not the first detection of enteric 
viruses in water matrices, as another enteric virus, poliovirus, was detected in wastewater 
even earlier, in the 1940s [27].  

Thanks to modern detection methods, enteric viruses are now known to be present in 
wastewaters and environmental waters around the world [28]. Human enteric viruses, such 
as norovirus, rotavirus, enterovirus and hepatitis A and E, are among the most common 
and problematic human viruses in water matrices. They are a diverse group of viruses that 
belong to various virus families and have different properties [29]. As they are usually non-
enveloped, they are very resilient and can survive, i.e., remain infectious even after transit 
through the harsh environment of the human gastrointestinal tract. Additionally, some of 
them can remain in environmental waters for long periods of time and are resistant to 
various water treatments, including those typically deployed in wastewater treatment 
plants [28]. Enteric viruses are transmitted via the faecal-oral route and can cause infections 
even at low numbers [30]. Humans can become infected by consuming contaminated water 
or infected foods, such as crops and shellfish that have been in contact with contaminated 
waters [29]. The source of viruses in these polluted waters is sometimes their natural 
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occurrence, but more often, it is through contact with human waste, which is rich in enteric 
viruses [18], [21], [30].  

Enteric viruses usually cause diarrhoea and gastroenteritis; however, they can also cause 
other serious diseases [28], [30]. They are the main cause of the world's second most 
common infectious disease, acute gastroenteritis, which infects tens of millions of people 
each year, and leads to increased mortality [31]. Working directly with enteric viruses 
requires specialized laboratories and equipment to ensure the safety of employees. 
Additionally, there are no methods for culturing some enteric viruses, so their detection 
relies on molecular methods, such as real-time polymerase chain reaction (qPCR), which 
cannot distinguish between infectious and non-infectious viruses. For these reasons, to 
study the stability and transmission of enteric viruses, they are often replaced by 
surrogates, such as bacteriophages; i.e., viruses that infect bacteria [32].  

Apart from having important roles in the environment, such as regulation of bacterial 
communities or modification of bacterial metabolism, bacteriophages have been used as 
model microorganisms since the pioneering research that paved the way for the 
fundamental principles of molecular biology [33]. Working with bacteriophages has many 
advantages, as they are safe (for humans, animals and plants) and easy to work with; they 
can also be produced in large quantities and detected at low concentrations, and they allow 
results to be obtained in short times [32], [34]. One of the bacteriophages used as a surrogate 
of enteric viruses is the bacteriophage MS2 [35], which belongs to the family Leviviridae, 
genus Levivirus [36]. MS2 is a non-enveloped, icosahedral virus with a diameter of 
approximately 27 nm and a positive-sense single-stranded RNA of 3,569 nucleotides [37]. 
MS2 infects its host bacterium Escherichia coli via F-pili, hollow, filamentous and dynamic 
appendages that are encoded by the F-plasmid [38]. MS2 is extensively used as a surrogate 
of enteric viruses due to its similar structure and resistance to environmental changes and 
various water treatments [35], [36].  

1.2.1.2 Plant Viruses 

The first report on waterborne transmission of plant viruses dates back to 1960, where 
plants inoculated with drainage water containing tobacco necrosis virus or tobacco mosaic 
virus (belonging to the genus Tobamovirus, family Vigaviriade) developed lesions typical 
for each virus [39]. In 1969 (cited in [40]), it was shown that another tobamovirus, cucumber 
green mottle mosaic virus, can be transmitted by irrigation water. The presence of plant 
viruses in environmental waters was confirmed a little later, in the 1980s, when a few 
research groups in Europe started to study this field [41]. Since then, with the raising 
awareness of the importance of plant waterborne viruses, more research has been conducted 
in this area.  

Plant viruses can be introduced in water matrices in many ways, such as from injured 
or decaying infected plant residues and from infected roots of plants growing near the 
water. Furthermore, they can also enter water through infected seeds, virus-carrying 
nematodes, zoospores, or dormant sporangia of fungi. In addition, some plant viruses can 
also survive the harsh environment of the human gut and enter an aquatic environment 
through human secretions [17], [18]. 

As large amounts of water are used for irrigation, i.e., ~70% of total human water 
consumption, its contamination with plant viruses could be devastating, as this could lead 
to crop destruction, and ultimately result in food shortages and high financial losses. This 
is especially relevant in closed irrigation systems that constantly recycle the water, which 
is otherwise an excellent way of reducing water intake. Such is the case for hydroponics, a 
soilless growth method that is being increasingly used, and which provides the perfect 
environment for the spread of waterborne viruses from plant to plant.  
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Tobamoviruses have been causing problems for decades, and they represent one of the 
most important waterborne plant viruses [22]. They are very stable and widespread viruses 
that affect food availability and cause high financial losses. For instance, tomato brown 
rugose virus is a global threat to tomato crops due to the emergence of resistance-breaking 
strains [42], [43]. Indeed, it is so problematic that it has been listed as a quarantine pest in 
the European Union and in other European and Mediterranean Plant Protection 
Organization member countries [44]. Similarly, cucumber green mottle mosaic virus causes 
significant losses of cucurbit crops [45]. Another important tobamovirus is pepper mild 
mottle virus (PMMoV). PMMoV is a non-enveloped, rod-shaped virus with a length of 
~312 nm [46] and a diameter of ~18 nm [47]. It is a positive-sense single-stranded RNA 
virus with a genome length of ~6,360 bp [48]. It can infect a wide variety of pepper species, 
and is considered as one of the most important pathogens of these crops due to the high 
crop losses [49]. PMMoV retains its infectivity after various water treatments, including 
treatments in wastewater treatment plants [22] and transition through the human 
gastrointestinal tract [50]. It has been reported that PMMoV is the predominant virus in 
human faeces, depending on dietary habits [50]. This is not surprising, as PMMoV has also 
been found in various pepper products, such as sauces and powders [50], [51], where it 
maintained its infectivity despite standard food processing treatments [51]. PMMoV is 
present globally in all water matrices contaminated with human faecal pollutants, from 
wastewaters to river waters and seawaters [48]. This is why PMMoV has emerged as a link 
between waterborne tobamoviruses and enteric viruses. PMMoV shows high stability in 
aquatic environments, as well as minimal seasonal variation [48]. It has been shown that 
successful inactivation of PMMoV with various water treatments is similar or worse than 
inactivation of enteric viruses [52]–[57]. For all of these reasons, PMMoV has been proposed 
as an indicator of faecal pollution of water [58], and a surrogate of enteric viruses to 
determine the inactivation efficiency of water treatment methods. Inactivation of such a 
resilient virus is a major achievement on its own; however, a method that would 
successfully inactivate PMMoV would be more than likely to inactivate some other 
problematic and resistant tobamoviruses, as well as enteric viruses. Such a system would 
be of particular importance.  

In addition to tobamoviruses, other pathogenic plant viruses can spread through water. 
These include potato virus Y (PVY), [17], [59], which is a virus that is commonly 
transmitted by aphids [7]. PVY belongs to the family Potyviridae, genus Potyvirus. It is a 
long, flexible, filamentous, non-enveloped virus particle with a length of ~750 nm and a 
width of ~11 nm [7]. PVY is a single-stranded positive-sense RNA virus with a genome 
length of ~9,700 bp [60]. It is distributed worldwide in all potato-growing regions [7]. PVY 
can infect different plants from the family Solanaceae, including pepper, tomato, eggplant, 
tobacco and potato [61]. It is the most economically important viral potato pathogen, and 
it can cause 85% production losses [62]. This is a major problem, as potato is one of the 
most important crops in the world [63]. The significance of PVY as a plant pathogen was 
further confirmed when it was listed among the top 10 problematic plant viruses [64]. PVY 
can be classified into two main serogroups; namely, serotype O (PVYO, PVYC, PVYN-Wi 
strain groups) and serotype N (PVYN, PVYNTN, PVYZ, PVYE) [65]. Depending on the viral 
strain, the host infected, and the ecological properties, PVY can induce different symptoms. 
Some strains cause only mild symptoms, while others cause severe mosaic with necrosis of 
tubers [13]. PVYNTN causes the most devastating disease, with mosaic, chlorotic and 
necrotic lesions on leaves, and necrotic ringspots on tubers [66]. 
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1.3 Water Decontamination Technologies 
Human waterborne viruses can cause a variety of diseases, which can lead to high 
hospitalization and mortality rates, while plant viruses can destroy entire crops, leading to 
food shortages and financial losses. Therefore, such viruses pose high health, environmental 
and economic risks, making their inactivation crucial. Many methods are used for water 
treatments, and the method of choice mainly depends on the water to be treated. In general, 
we can group water treatment methods into physical and chemical [67]–[69]. Some of the 
physical methods remove viruses only physically, without inactivating them, which include 
various types of filtration and sedimentation. Others can abolish the infectivity of viruses, 
such as ultraviolet (UV) irradiation, heat and pressure treatments, and hydrodynamic 
cavitation. Some examples of chemical approaches to water treatment that also affect viral 
infectivity include chlorine, ozone, hydrogen peroxide (H2O2), and other strong oxidants 
[67]–[69]. Often, several methods are combined to improve the effects of the disinfection 
treatments. This is the case in wastewater treatment plants, where biological treatments 
can also be used [70].  

All treatments have some advantages, but at the same time, they are also not free from 
caveats. A common disadvantage of most methods is insufficient inactivation of viruses, as 
most treatments aim to inactivate bacteria, which is usually an easier task to accomplish. 
This is why many viruses can still infect their hosts even after being exposed to various 
water treatments [22], [68], [69], [71]. Chlorination is widely used as a water treatment 
method, but it can also produce toxic, and even carcinogenic, by-products, as well as being 
harmful to aquatic non-pathogenic biota [72], [73]. Additionally, the production, 
transportation and handling of large amounts of chemical decontaminants pose a high 
environmental burden [74]. The application of various filters or membranes can stop the 
spread of viruses, but only physically, which means that contact with such 
filters/membranes can still cause infection, and these thus require additional disinfection. 
Some filters or membranes need to be replaced often, and some are prone to clogging up, 
which can result in high waste production or the need for frequent maintenance [67], [68]. 
The efficiency of another commonly used method, UV irradiation, is highly dependent on 
the proximity of the device/source to the treated sample and to the water turbidity, while 
heat treatments can be very energy consuming [68], [69]. In summary, some of the 
limitations of the currently used disinfection methods are that they can be expensive and 
time consuming, and they require large infrastructure, frequent maintenance or additional 
decontamination steps. They can also produce undesirable side components, or fail to 
inactivate the viruses. Therefore, it is very important to develop efficient methods for water 
decontamination that can overcome these shortcomings. One such method that shows great 
promise is cold atmospheric plasma (CAP).  

1.3.1 Plasma 
We are usually taught that there are three states of matter: solid, liquid and gas. Let us 
take water as an example. If we add thermal energy, i.e., we heat some ice (solid state), 
we get liquid water. If we heat liquid water further to above 100 °C at 1 bar pressure, it 
will evaporate and take the gaseous form. However, what happens if we do not stop there 
and keep adding energy to a gas? The answer is gaseous plasma, and this represents the 
fourth state of matter. Plasma is generated by adding sufficient amounts of energy to a 
gas. This is why plasma is on one hand similar to a gas, as both states are in the gaseous 
form and have neither fixed volumes nor shapes. However, unlike a gas, plasma is a complex 
mixture that is rich in charged particles (i.e., ions and free electrons), UV photons, and 
neutral and reactive particles, which include molecules or atoms in their excited or ground 
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states [75], [76]. Therefore, plasma represents a partially or fully ionized gas. Another trait 
that distinguishes plasma from gas is its luminosity: excited plasma particles tend to release 
energy in the form of photons, and these cause plasma to glow, making it visible to the 
naked eye. 

Plasma was first identified by the English physicist and chemist William Crookes more 
than a century ago, in 1879 (cited in [77]). It is the most common of all of the four states 
of matter, as 99% of the matter in the visible universe is in the state of plasma. Plasma 
can occur in nature in the form of natural phenomena, such as stars, lightning and auroras, 
or it can be man-made, like plasma TVs, neon lights and plasma lamps [78]. Two types of 
plasma exist: equilibrium/thermal and non-equilibrium/non-thermal/cold plasma. These 
differ in the relative energy levels of the heavy particles and electrons [75], [79]. 

1.3.1.1 Plasma Types and CAP 

Within thermal plasma, the temperature of electrons and heavy particles (e.g., neutrals 
and ions) is practically the same and can reach tens of thousands of Kelvin [75], [79]. These 
plasmas have been industrialized in different branches, such as aeronautics and metallurgy 
for plasma cutting, surface treatments, welding, melting and refining, or energy generation 
by fusion [75], [80], [81]. 

On the other hand, the electrons of cold plasma have a higher temperature, and thus 
more energy than the heavy particles, the temperature of which remains at room 
temperature. This is due to the low mass of the electrons, which almost prevents the loss 
of their energy in elastic collisions with the heavier particles. Therefore, unlike heavy 
particles, electrons can spend kinetic energy to excite high-energy molecular states, which 
include unbound states (i.e., dissociation or ionization), instead of spending the energy to 
heat the gas [75], [79]. Thus, the kinetic temperature of molecules and atoms in cold plasma 
is at room temperature (or slightly above), and as such, it is suitable for treatment of 
various biological materials, as they are not strongly heated during the plasma exposure. 
Cold plasma can be further classified into low pressure and atmospheric pressure [79]. 
Various research groups use numerous CAP systems that differ in the types of discharge 
(e.g., alternating current, direct current, radio frequency, microwave), gas (e.g., air, noble 
gasses, oxygen, nitrogen, hydrogen), power, type/source/configuration (e.g., dielectric 
barrier discharge, corona discharge, plasma jet), and other characteristics [75], [82], [83].  

The most common form of energy used to produce CAP is electrical energy [75]. So, 
what happens when we use electricity to create CAP? An electric field (static or dynamic) 
accelerates electrons, and during their movement they collide with neutral gas particles, 
which results in either elastic or inelastic collisions. If a magnetic field is also applied, it 
additionally influences the trajectories of the electrons. Elastic collisions slightly raise the 
kinetic energy of neutral species, while leaving their internal energy intact. On the other 
hand, inelastic collisions are the reason for the generation of excited and reactive species 
and ions, as they can change the electronic structure of neutral species if the collisions are 
energetic enough. In other words, inelastic collisions can ‘knock’ electrons out of neutral 
species, which leaves them charged, and creates additional free secondary electrons; these 
then go through the same steps [75], [84]. This whole process is called an electron avalanche. 
Excited particles have a very short lifetime, as they return to their ‘comfortable’ ground 
state as soon as possible, with the exception of metastable particles. During their 
relaxation, the resonant states emit photons that create light of different colours, depending 
on the gas involved [75], [84]. The metastable states are quenched during collisions with 
other heavy molecules or atoms. 
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1.3.1.2 CAP for Decontamination 

One of the first recognitions that CAP can be used for decontamination was a patent 
application that was filed in 1964, and then patented 4 years later, for the use of CAP for 
decontamination of surfaces [85]. Since then, much work has been done in this field, both 
with CAP and low pressure cold plasma [86], [87]. The main antimicrobial properties of 
CAP are reactive oxygen and nitrogen species (RONS), and UV radiation. The reactive 
oxygen species (ROS), which include species such as O3, O, O2*, H2O2, OH•, 1O2 are excited 
or partially reduced forms of oxygen. The reactive nitrogen species (RNS); e.g., N, N2*, 
NO, NO2, NO2

−, NO3
−, ONOO−, ONOOH, are the most common nitrogen-derived and 

nitric-oxide-derived compounds [88]–[90].  
Depending on the properties used to create CAP, it generates different amounts of 

RONS. RONS have an important purpose in the maintenance of normal functions of cells 
in various organisms [88]–[90]. Furthermore, due to their strong oxidative properties, RONS 
can damage all organic material, including lipids, proteins, and nucleic acids, which can be 
very beneficial for the inactivation of pathogenic microorganisms, a mechanism often used 
by higher organisms [91]–[93]. For instance, if the outer layer of viruses is damaged, i.e., 
the protein capsid in non-enveloped viruses and the lipoprotein envelope in enveloped 
viruses, this can hinder host infection, and hence render viruses non-infectious [94]–[96]. 
Additionally, the impaired outer layer of viruses can expose the genetic material of the 
virus, which prevents further virus replication when oxidized with RONS. RONS can 
therefore affect different viral parts with the same consequence, that of abolishing virus 
infectivity. Together with RONS, CAP always produces a certain amount of UV radiation, 
which can be quite extensive [97]. Nucleic acids can absorb UV light at wavelengths from 
200 nm to 300 nm, with a peak at ~260 nm. Absorption of UV light can result in several 
types of nucleic acid damage, which hinders further DNA/RNA replication [98].    

Due to the antimicrobial properties of CAP, it has been used for decontamination in 
many fields, including food safety, food production, medicine, dentistry and textile 
production, where the main targets are mainly bacteria [99]–[102]. Inactivation of viruses 
with CAP is a relatively new field, with much promising data now becoming available 
[103], [104]. However, data on inactivation of viruses in water by CAP are almost non-
existent, and this needs to be explored further. Based on the available literature, CAP 
appears to represent an environmentally friendly, safe and efficient tool for water 
decontamination, potentially enabling successful virus inactivation without the use of toxic 
chemicals.  

1.4 Aims of the Research 

1.4.1 The Efficiency of Virus Inactivation in Water Matrices by CAP 
The availability of clean and safe water is one of the most pressing challenges we face 
today. One of the reasons for this is the increasing number of pathogenic microorganisms 
in water bodies, including viruses. Human and plant waterborne viruses cause many 
problems worldwide, so it is imperative to inactivate them. Various methods are used to 
cope with this problem; however, all of these have some shortcomings, and in most cases, 
the viruses are not inactivated. CAP is emerging as a new method for water 
decontamination that is environmentally friendly, easy to use and safe. As there is limited 
information on virus inactivation using CAP, and especially on the inactivation of 
waterborne viruses, the first and the main aim of this doctoral thesis was to evaluate 
whether CAP can be used for inactivation of viruses in water samples, and to determine 
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its range of inactivation; i.e., whether the same CAP source can inactivate diverse viruses. 
Additionally, we tested virus inactivation by CAP in water matrices with different organic 
backgrounds.  

1.4.2 Mechanisms of Inactivation 
The most important property of methods for decontamination in general is the ability to 
inactivate pathogenic microorganisms. However, understanding the mechanisms behind 
this will provide the necessary knowledge required for further improvement of inactivation. 
Therefore, the second aim here was to define the mechanisms of inactivation of viruses in 
water samples by CAP. This included both determination of which CAP properties have 
the most important role in virus inactivation, and how these properties affect different 
virus components.  

1.4.3 Cytotoxicity and Genotoxicity of CAP-Treated Water 
As CAP treatment of water is a very dynamic process that involves many short-lived and 
long-lived RONS, as well as other charged particles and UV radiation, it is important to 
determine the potential toxicity of CAP-treated water, especially if it is to be used for 
irrigation, drinking, recreation, or similar activities. For this reason, the third aim here was 
to define the potential genotoxic and cytotoxic properties of CAP-treated water.  

1.5 Research Hypotheses 
1. Cold atmospheric plasma can successfully inactivate various viruses in water 

samples. 
 
2. Cold atmospheric plasma can affect different viral structural elements via its 

complex properties. 
 

3. Cold atmospheric plasma-treated water does not produce cytotoxic or genotoxic 
by-products. 

1.6 Publications Included and Candidate’s Contributions 
The focus of our first paper (Cold Atmospheric Plasma as a Novel Method for Inactivation 
of Potato Virus Y in Water Samples) was to examine the inactivation potential of CAP 
against the very important plant pathogen, PVY, in nutrient solution (i.e., tap water with 
added minerals). The inactivation was investigated in water matrices with different organic 
backgrounds. In addition, some of the mechanisms of inactivation were described. We were 
able to show successful virus inactivation after short treatment times, even in more polluted 
water samples; i.e., in samples with a high organic background. Virus inactivation was 
facilitated by ROS, and RNA damage was observed. The PhD candidate drafted the 
experimental design and performed all of experiments, except for the optical emission 
spectroscopy measurements. She also wrote the first draft of the manuscript, including the 
supplementary material. 

The second paper (Cold Plasma, a New Hope in the Field of Virus Inactivation) covers 
all of the research (to the publication date) on the inactivation of viruses with cold plasma. 
Although some review articles that cover this topic do exist, they are outdated and do not 
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provide a comprehensive overview of this field. Our review paper describes the inactivation 
of numerous viruses with different cold plasma sources, in and on diverse matrices. 
Moreover, it outlines the inactivation mechanisms of virus inactivation. The PhD candidate 
thoroughly searched for all of the available studies on inactivation of viruses with cold 
plasma, wrote the first draft of the manuscript, and prepared the very detailed 
supplementary information.  

In our third paper (Inactivation of Pepper Mild Mottle Virus in Water by Cold 
Atmospheric Plasma), we studied the effects of CAP on the very resistant tobamovirus 
PMMoV, which was successfully inactivated after only a few minutes of treatment. These 
results are very important, especially when considering that a water treatment method 
that can inactivate PMMoV would also inactivate some other problematic tobamoviruses, 
as well as enteric viruses. We also investigated the effects of CAP on viral proteins and 
RNA, and observed damage in both following the CAP treatment. In addition, as CAP-
treated water contains many RONS, we wanted to ensure its safety, so we examined CAP-
treated water for potential toxicity. We demonstrated that water did not produce cytotoxic 
or genotoxic by-products over the time required for successful virus inactivation. The PhD 
candidate drafted the experimental design and performed all of the experiments, apart from 
the transmission electron microscopy and toxicity studies. She also wrote the first draft of 
the manuscript.  

Although the results have not yet been published, the same CAP source that was used 
to inactivate PVY and PMMoV was also used to treat water containing bacteriophage 
MS2 (Appendix A). The candidate drafted the experimental design and performed all of 
the laboratory experiments, designed primers and optimized the RT-PCR. The results 
obtained are included in the Discussion.  
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2 Scientific Publications 

2.1 Cold Atmospheric Plasma as a Novel Method for 
Inactivation of Potato Virus Y in Water Samples  

Arijana Filipić, Gregor Primc, Rok Zaplotnik, Nataša Mehle, Ion Gutierrez‑Aguirre, Maja 
Ravnikar, Miran Mozetič, Jana Žel, David Dobnik 
 
Food and Environmental Virology, 2019, 11:220–228. DOI: 10.1007/s12560-019-09388-y 
 
This publication represents pioneering work on the inactivation of PVY with CAP, and 
was one of the first to deal with the inactivation of plant viruses with CAP, and with the 
inactivation of viruses in larger quantities of water. In this study, the particularly 
aggressive PVY strain was used: PVYNTN. As PVYNTN can cause high crop losses, it is 
important to prevent its transmission. Atmospheric pressure plasma jet in a single electrode 
configuration was used as the CAP source, and the CAP was generated in a mixture of 
99% argon and 1% oxygen. Two types of virus-infected water samples were treated with 
CAP: nutrient solution with high (i.e., more polluted samples) and with low (i.e., less 
polluted samples) organic background. In the former, the PVYNTN (hereafter referred as 
PVY) was partially inactivated after 5 min, while in the less polluted water, complete 
inactivation was achieved after only 1 min. Furthermore, some of the mechanisms of 
inactivation were elucidated. These included a description of the CAP properties that were 
linked to PVY inactivation, and their effects on the PVY RNA. We showed that ROS have 
important roles in the virus inactivation, whereas UV radiation does not. We also observed 
that the CAP treatment degraded the viral RNA.  

The PhD candidate drafted the experimental design and carried out all of the biological 
measurements; e.g., CAP and control treatments, infectivity assays with test plants, RNA 
isolation, RT-PCR, RT-qPCR, RT-droplet digital PCR (RT-ddPCR), and the 
measurements of H2O2 production. She also wrote the first draft of the manuscript, 
including the supplementary material.  
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2.2 Cold Plasma, a New Hope in the Field of Virus 
Inactivation 

Arijana Filipić, Ion Gutierrez-Aguirre, Gregor Primc, Miran Mozetič, and David Dobnik 
 
Trends in Biotechnology, 2020, 38:1278-1291. DOI: 10.1016/j.tibtech.2020.04.003 
 
This paper is the first comprehensive review of virus inactivation using cold plasma. Some 
review articles on this topic were available prior to our publication; however, they were 
outdated and lacked any thorough overview of the field. Our paper introduces the reader 
to the problem of viruses in general, and offers solutions in the form of cold plasma 
treatments. It covers the inactivation of numerous viruses (e.g., human, animal, plant, 
bacteriophages) using different cold plasma sources in and on diverse matrices. Moreover, 
the mechanisms of inactivation are described and include both the cold plasma parameters 
crucial for inactivation and their effects on the different virus components.  

The candidate thoroughly searched for all of the studies available on the inactivation 
of viruses with cold plasma, wrote the first draft of the manuscript, and prepared the very 
detailed supplementary information.  
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2.3 Inactivation of Pepper Mild Mottle Virus in Water by 
Cold Atmospheric Plasma 

Arijana Filipić, David Dobnik, Magda Tušek Žnidarič, Bojana Žegura, Alja Štern, Gregor 
Primc, Miran Mozetič, Maja Ravnikar, Jana Žel and Ion Gutierrez Aguirre 

 
Frontiers in Microbiology, 2021, 12:618209. DOI: 10.3389/fmicb.2021.618209 

 
 
This study described for the first time the inactivation of PMMoV with CAP and was one 
of the first studies on inactivation of plant viruses with CAP and inactivation of viruses in 
larger amounts of water. In this study, we investigated the effects of CAP on the highly 
resistant tobamovirus, PMMoV. PMMoV is not only important as an agricultural pest, 
where it causes high losses in pepper crops, but it also represents an important link between 
problematic tobamoviruses and enteric viruses. We achieved partial inactivation of this 
resistant virus already after 3 min of CAP treatment, and despite its high stability, 
PMMoV was completely inactivated after only 5 min treatment with an atmospheric 
pressure plasma jet in a single electrode configuration ignited in a mixture of argon and 
oxygen. As CAP can inactivate PMMoV quickly and efficiently, it would also inactivate 
many other important viruses, including some tobamoviruses and enteric viruses. 
Therefore, CAP represents an alternative method for water decontamination. In this study, 
we also assessed the effects of CAP treatment on viral proteins and RNA, and the potential 
genotoxicity and cytotoxicity of CAP-treated water. We showed that CAP can affect both 
virus proteins and RNA, without introducing any toxic by-products into the water medium. 

The PhD candidate drafted the experimental design and performed the CAP and 
control treatments, infectivity assays with test plants, RNA isolation, RT-PCR, RT-qPCR, 
RT-ddPCR, and measurements of physicochemical parameters. She also designed primers 
and optimized the RT-PCR, and wrote the first draft of the manuscript.  
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3 Discussion 

3.1 Inactivation of Viruses in Water Samples by CAP 
Water scarcity is an extremely important and challenging problem worldwide that is driven 
in part by the increasing number of waterborne contaminants. Among these, viruses 
represent a particular threat due to their high resistance to water treatment methods, 
persistence in the environment, and host infection at low concentrations. Numerous human 
and plant viruses can be transmitted through water, which results in millions of infections 
annually, with high rates of hospitalization and mortality, as well as large crop losses. 
Ultimately, waterborne viruses pose an important health, economic and environmental 
burden, and need to be inactivated. As all of the present-day water treatment methods 
have some shortcomings, and inadequate virus inactivation is often one of them, we tested 
the efficiency of an emerging, environmentally friendly method, CAP, for inactivation of 
viruses in water matrices. We selected three different water-transmissible viruses as model 
viruses, the filamentous PVY, the rod-shaped PMMoV, and the icosahedral bacteriophage 
MS2. PVY is an important plant pathogen, as is PMMoV, which also serves as a link 
between plant tobamoviruses and enteric viruses. Like MS2, PMMoV has been used as a 
surrogate for enteric viruses, to determine the efficiency of virus inactivation of water 
treatment method. 

In all CAP treatments, an atmospheric pressure plasma jet in single electrode 
configuration was used, as described in publications 2.1 and 2.3. The first of the two 
differences between these experiments was the gas flow, which was ~1 L/min for the PVY 
and MS2 treatments, while for PMMoV it was 1,7 L/min. This difference resulted from 
the slight modification of the glass tube in which the electrode was situated, which required 
adjustment of the gas flow to achieve the best inactivation. The second difference was the 
type of water used. While a nutrient solution was used in the experiments with PVY, for 
PMMoV and MS2, tap water was used, with no minerals added. This was because in the 
first study with PVY, we aimed to decontaminate the water used in closed irrigation 
systems, whereas the other two viruses were also relevant for other water sources. However, 
the addition of minerals should not interfere with the inactivation using CAP, and therefore 
this alteration was considered not to be relevant. Hereafter, all of the water samples, 
regardless of the water type, are regarded as samples.  

Despite the different structures of these viruses, we successfully inactivated all three of 
them within a few minutes. As the rates of inactivation cannot be accurately determined 
for plant viruses, we use here the terms ‘complete inactivation’ on the basis that none of 
the plants inoculated with water samples treated for the same length of time contained 
viruses, as verified by RT-qPCR, and ‘partial inactivation’, where viruses were detected in 
at least one of the plants inoculated with the water samples treated for the same length of 
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time. Meanwhile, the rate of bacteriophage inactivation can be quantified rapidly, easily 
and with high accuracy.   

Two sources of viruses were used in the PVY experiments: pure isolated viruses, and 
plant homogenates (macerate of infected potato plants). The source of organic material for 
the isolated viruses were only the viruses, making these samples relatively clean, in contrast 
to the samples from the plant homogenate, which contained other plant organic material 
in addition to viruses, and therefore represented more polluted samples. For the less 
polluted samples, complete inactivation was achieved after only 1 min, while for the more 
polluted samples, partial inactivation was achieved after 5 min, and complete inactivation 
by 15 min (there were no treatments in between). This is not surprising, as the reactive 
properties of CAP interact with all organic material, and thus in the samples with high 
organic content, the CAP species are less likely to affect only the viruses, and are highly 
likely to be ‘consumed’ by other organic matter before they come into contact with the 
viruses. In the PMMoV experiments, only plant homogenate was used as the virus source, 
so all of the samples were somewhat polluted. Despite this and the high virus resistance, 
PMMoV was partially inactivated after 3 min, where the virus multiplied and spread in 
only two of 22 plants (from three independent, 3-min experiments). Complete inactivation 
was achieved after 5 min. Treatments of persistent MS2 longer than 1 min always resulted 
in >4 logs inactivation (Table A.1). This was also accomplished in two out of three 1-min 
treatments. The United States Environmental Protection Agency states that a water 
treatment method must reduce virus concentrations by at least 4 logs [105], therefore our 
goal was to achieve at least that. Longer treatments reduced virus concentrations even 
more; for instance, a 5-min treatment inactivated MS2 by more than 7 logs (Table A.1). 
To confirm that the inactivation of viruses with CAP was due to the complex CAP 
properties, control treatments were performed with stirring, gas only and H2O2 (for MS2, 
only gas treatment was performed). These treatments had no effects on the virus 
inactivation, although with one exception, which will be discussed in the next section. 

We inactivated three different viruses in water samples with the same CAP source after 
very short treatment times, which confirmed our first hypothesis. This is a very good result 
considering the high stability and resilience of the treated viruses, the organic pollution of 
the samples, and the high initial virus concentrations. For example, the PVY 
concentrations were 2.7 ×104 to 6 ×106 RNA copies/μL of sample, while for PMMoV they 
were 4.90 x105 to 5.29 x105 RNA copies/μL of sample, and for MS2 they were 3.68 to 8.09 
x108 PFU/mL. These concentrations are much higher than the expected PVY 
concentrations in irrigation waters [59] or PMMoV and enteric virus concentrations in 
environmental waters, or even wastewaters [28], [48]. Based on these data, we might expect 
that CAP can inactivate other problematic viruses, especially enteric viruses, as both 
PMMoV and MS2 are used as their surrogates. As shown in our second paper, only a few 
research groups worldwide are studying inactivation of viruses using CAP. Most of the 
available studies have focused on inactivation of enteric viruses or their surrogates in 
various solutions or on various surfaces, including foods, and only one assessed the 
inactivation of viruses in larger volumes of water (i.e., more than a few millilitres). 
Therefore, our studies provide much needed insight into CAP as a water treatment method 
that can successfully inactivate viruses, and as such, might provide an efficient alternative 
for water decontamination.  

3.2 Mechanisms of Inactivation 
Most of the water treatment methods lack the trait of successful virus inactivation. Thus, 
the main goal of our research was to determine whether CAP can be used to successfully 
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inactivate viruses in water, and what is the range of its inactivation. To optimize the 
inactivation, or to extrapolate the results, i.e., to model the inactivation kinetics of other 
microorganisms, it is important to understand the modes of inactivation. These include the 
description of the CAP properties that are responsible for the inactivation, as well as their 
effects on the viruses.  

We attempted to partially characterize the CAP properties using optical emission 
spectroscopy, H2O2 measurements, and H2O2 treatments. As we did not detect any response 
in the wavelength range responsible for microbial inactivation, i.e., from 200 nm to 300 
nm, we concluded that UV radiation plays no role in the virus inactivation. This leaves 
the RONS, or more precisely the ROS (we did not introduce nitrogen during the 
treatments, as we used a mixture of 99% argon and 1% oxygen), as the crucial parameters 
in the virus inactivation. The production of ROS after CAP treatments was confirmed with 
optical emission spectroscopy and H2O2 measurements. The spectroscopy showed increased 
concentrations of OH and O species, which can serve as precursors for different reactive 
species, and the H2O2 measures showed increasing concentrations of H2O2 with increased 
treatment time (for MS2 results, see Table A.1). Additional confirmation of the importance 
of ROS during virus inactivation with CAP was provided by the H2O2 treatments. 
Although H2O2 did not inactivate PVY and PMMoV at concentrations and treatment times 
equivalent to CAP treatments, it inactivated PVY at higher concentrations and after 
longer treatment times. This indicated that H2O2 has some role in virus inactivation, but 
that it is not crucial for it. Based on the literature review from our second paper, various 
RONS might be involved in virus inactivation, and of the ROS, single oxygen, ozone and 
H2O2 were shown to be the most important, depending on the unique experimental 
properties. Furthermore, none of the studies showed that UV radiation had any effect on 
viruses, confirming our assumptions. It is a particular challenge to thoroughly characterize 
the CAP properties and measure all of the RONS, as most of them have extremely short 
lifespans. This is why several sophisticated methods, which are available only in a few 
laboratories, should be combined to accurately characterize the CAP properties [106], [107].  

We have shown that ROS were crucial for inactivation of the viruses in water samples. 
The next question that needed to be answered was how they affected viruses. Transmission 
electron microscopy was employed to observe changes in the numbers and structures of the 
viruses, while the degradation of the RNA was determined by PCR-based methods. Due 
to some limitations of transmission electron microscopy, such as low sensitivity, we 
obtained relevant results only for PMMoV, where longer treatments had greater effects on 
the virus. This means that the CAP-treated samples either contained no viruses or had 
damaged viruses; i.e., the viruses were shorter or broken, as shown in publication 2.3. This 
indicates damage to the viral proteins, as a protein coat (i.e., capsid) makes up the outer 
part of PMMoV, to protect its genetic material. Despite their morphological differences, 
PVY, PMMoV and MS2 are in some ways similar in structure, with proteins on the outside 
and RNA on the inside. Like many non-enveloped viruses, all three of these viruses require 
intact proteins for successful host infection. Thus any damage, modification, or destruction 
of these proteins might abolish the virus infectivity. CAP can obviously target viral 
proteins, but we were also interested whether it affects the viral RNA. We assessed this 
using RT-PCR of longer fragments (see Appendix A, A. 2 for MS2 primers and protocol). 
For easier comparability of the RT-PCR data between our publications, we must first unify 
the interpretation of the RT-PCR results from all of these publications. In the first article, 
we considered that the RNA was degraded if at least one of the four bands of the amplified 
fragments was completely absent on the agarose gel, whereas in the third study, we 
considered that the RNA was degraded if there was an observable change in at least one 
band compared to the positive control. The first of these restrictions was far more stringent, 
and indicates detrimental damage to the viral genome, a particularly encouraging result 
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given the high virus concentrations. However, a visible change in the band intensity already 
indicates RNA degradation (although not necessarily complete RNA destruction), so we 
will apply this rule in further discussions here. In this case, apart from the samples already 
mentioned in paper 2.1, the other treatments for infected homogenate samples of PVY that 
induced RNA degradation included a treatment of 2 h, one of 1 h, both of 45 min, both of 
30 min, and one of 15 min. For the pure virus samples, the successful treatments included 
both of 10 min, both of 5 min, one of 1 min, and 25 mg/L H2O2 for 15 min. For PMMoV, 
RNA degradation was seen after only 3 min treatment, whereas for MS2, it was seen after 
1 min (Table A.1). For PMMoV, the viral degradation was also confirmed using RT-
ddPCR. Therefore, the RNA of all three of these viruses was damaged already following 
short CAP treatments, of only a few minutes. 

We can conclude here that CAP can affect both viral proteins and viral RNA via its 
strong oxidative properties. Although we have not obtained data to directly indicate 
protein degradation of PVY and MS2, the ROS must first degrade/damage/alter the 
protein coat to access the RNA. Hence, there must be a change in the protein coat to some 
degree. With these results, we confirmed our second hypothesis. Our results coincide with 
the results of other research groups. As reviewed in our second publication, cold plasma 
treatments can affect viral proteins, RNA and lipids, depending on the unique experimental 
design. Only two studies have defined the main mode of inactivation as protein damage, 
followed by nucleic acid degradation. To more precisely determine the effects of CAP on 
viruses, future studies will have to include a combination of state-of-the-art methods, such 
as cryo-electron microscopy, mass spectrometry, and long-read sequencing, as well as 
methods based on nucleic acid amplification, such as qPCR and digital PCR. 

3.3 Toxicity of CAP-Treated Water 
It is necessary to ensure the safety of water for all its end users. Therefore, if water that is 
going to be used for irrigation, drinking and similar purposes is to be treated by a method 
that might produce toxic by-products, it is mandatory to test for this. Although RONS are 
useful for inactivation of pathogenic microorganisms, their strong oxidative properties can 
also damage the DNA of eukaryotic cells, which might lead to mutations involved in various 
human diseases, such as chronic-inflammation-related disorders, carcinogenesis, 
neurodegeneration, aging, and similar [108]. In our third publication, we addressed this 
problem by evaluating the cytotoxic and genotoxic effects of CAP-treated water in an in-
vitro cell system using the MTS and the alkaline comet assays, respectively. We determined 
that 5-min CAP treatments, which provided inactivation of all three viruses, depending on 
the experimental properties, did not induce any cytotoxic or genotoxic effects in the HepG2 
cell line. Therefore, no harmful by-products were generated under these experimental 
conditions, which indicated that CAP can be used for treatment of water. Thus, we 
confirmed our third hypothesis. These data also indicated the importance of choosing the 
right parameters for CAP treatments, as it has been reported that liquid treated with CAP 
can have toxic effects in selected model systems if the conditions are not suitable [109], 
[110]. To improve our understanding of the potential toxicity of CAP-treated water, 
additional methods need to be used to address genotoxicity at different levels; e.g., 
mutations and chromosomal damage, including Ames assay, SOS/UmuC test, micronucleus 
assay and others.   
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4 Conclusions 

Due to the increasing numbers of waterborne contaminants, such as viruses, it is necessary 
to disinfect waters before using them. However, all of the methods used for water treatment 
have a range of limitations, which include insufficient virus inactivation. There is thus high 
demand for new, effective method for water decontamination. CAP is emerging as a simple, 
safe, and cost-effective environmentally friendly method that does not require toxic 
chemicals. Inactivation of viruses with CAP is a relatively new field, which is at present 
mainly focused on decontamination of surfaces, suspensions in small volumes (<1 mL) or 
aerosols, while inactivation of viruses for the purpose of water decontamination has not yet 
been fully investigated.  

For this reason, the focus of the present work was on the evaluation of CAP as an 
alternative method for inactivation of viruses in water. We used the same CAP source to 
treat three different viruses, PVY, PMMoV and MS2, as we wanted to explore the range 
of its inactivation. Despite high virus concentrations, the relative stability of the viruses, 
and in some cases, the pollution of the samples, we achieved partial or complete 
inactivation of both plant viruses, and greater than 4 logs inactivation of bacteriophage 
MS2, within a few minutes of CAP treatment. During this time, the CAP affected both 
viral proteins and RNA, via its strong oxidative properties; i.e., through ROS. At the same 
time, these CAP treatments did not produce any toxic by-products under the study 
conditions tested. 

Based on our results, we can conclude that CAP can be used for water decontamination 
as an alternative to other water treatments as it provides a wide range of virus inactivation 
without introducing toxic products. The use of CAP might ultimately reduce virus 
infections of humans and plants, thereby lowering health risks and mortality rates, and 
preventing food shortages and high financial losses. These benefits will all lead to a common 
outcome: a better quality of life. Therefore, this work is not only helpful to plasma 
scientists, but also to water researchers in their search for new technologies, and to 
virologists, microbiologists and environmental scientists to provide them with a new tool 
to combat other problematic microorganisms and hopefully to solve other urgent issues. 
This is especially relevant in this trying time of an ongoing virus epidemic, which has 
shown us how desperately we need new approaches to stop such spread of dangerous 
pathogens.  
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Appendix A Experiments with Bacteriophage MS2  

A.1 Experimental Procedures  
 
Bacteriophage MS2 ATCC 15597-B1 and its host cells Escherichia coli CB390 were kindly 
provided by Dr. Sílvia Bofill-Mas from the Laboratory of Virus Contaminants of Water 
and Food, University of Barcelona. The propagation and quantification of MS2 were 
performed as described by Kosel et al. [111] with some modifications. The solid medium 
for agar plates (i.e., TYGA solid medium) was prepared from 30 g/L BD tryptic soy broth 
(TSB) and 15 g/L Bacto agar, and contained 1.93 g/L MgCl2 ×6H2O and 100 mg/L 
ampicillin. ssTYGA medium was prepared in the same manner as TYGA, except with the 
addition of 7 g agar instead of 15 g agar. TYGB medium (TYGA without the agar) was 
prepared from 30 g TSB/L. For double-layer plaque assay, the additional modifications 
were that 250 μL of the sample or its dilution was used, and each sample contained three 
technical replicates. 

Cold atmospheric plasma treatments of MS2 were performed in the same way as for 
the other two viruses. Briefly, 10 mL tap water samples were inoculated with viruses and 
treated with CAP or gas only, for selected times (Table A.1). A double-layer plaque assay 
was performed to quantify virus inactivation directly after the treatments. One sample was 
always left untreated and served as a positive control of infectivity assays and RT-PCR.  
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Table A.1: Results of the MS2 treatments. Influence of different treatments on virus 
inactivation, RNA degradation and production of H2O2. 

Treatment Time Virus concentration RNA H2O2 
 (min) Initial  Reduction degradationb (mg/L)c 
  (PFU/ 

mL 
[×108])a 

(logs) (%)   

Gas 45 3.76 0.4 67.55 No 0 
Cold 45 3.76 8.6 100 Yes ~30 
atmospheric 15 3.76 8.6 100 Yes 10-25 
plasma 5.0 3.76 8.6 100 Yes 5.0 
  3.68 8.1 99.9999993 Yes 5.0 
  8.09 7.5 99.999997 Yes 5.0 
 4.0 3.68 5.2 99.9994 Yes 2.0 
 3.0 6.67 4.4 99.996 Yes 2.0 
  3.68 4.5 99.997 Yes 2.0 
 2.0 3.68 4.2 99.993 Yes 0.5-1.0 
 1.0 6.67 3.3 99.94 Yes 0.5-1.0 
  3.68 4.6 99.997 Yes 1.0 
  8.09 5.4 99.9996 Yes 1.0 
 0.5 6.67 1.3 94.80 No 0.5 
PFU, plaque forming units 
aThe initial viral concentrations were determined from the positive control (i.e., the 
untreated sample) 
bRNA was considered degraded if there was noticeable reduction in intensity of at least 
one of the bands compared to the positive control. In all CAP experiments where RNA 
degradation occurred, the intensity of both bands was noticeably lower.  
cResults of semiquantitative H2O2 measurements immediately after treatments, measured 
with Quantofix Peroxid 25 and 100 test strips (Macherey-Nagel, Germany). The 
concentrations measured prior to any treatment were always 0 mg/L H2O2. 
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A.2 RT-PCR 
Prior to the RT-PCR, viral RNA was extracted using QIAmp Viral RNA minikit (Qiagen, 
Germany), according to the manufacturer’s instructions, with minor modifications; namely, 
luciferase RNA (2 ng/sample) was added to the carrier RNA prior to extraction as an 
external control, and the final elution step was performed with 45 μL of RNAse-free water. 
If the extraction was not performed the same day as the CAP treatments, the sample 
aliquots were stored at -80 °C. Sterile water was used as the negative control of the 
extraction to monitor for potential contaminations during extractions.  

RT-PCR was performed using One-Step RTPCR kit (Qiagen), using the protocol 
without Q-solution, according to the manufacturer’s instructions, with minor modifications; 
namely, smaller reaction volumes (25 μL) were prepared, which included 5 μL template 
RNA. The cycling conditions were 30 min at 50 °C, 15 min at 95 °C, 35 cycles of 30 s at 
94 °C, 60 s at 56 °C and 105 s at 72 °C, 10 min at 72 °C, and an infinite hold at 4 °C. 
Sterilized water was used as the non-template control for RT-PCR reactions to monitor 
for possible contaminations of PCR reagents. Amplified PCR products were detected using 
agarose gel electrophoresis with 1% agarose gel run for 45 min at 100 V. Ethidium bromide 
was used for visualization of the amplified fragments, and fragment sizes were estimated 
using a 1-kb ladder. RNA was considered as degraded if there was a noticeable reduction 
in the intensity of at least one of two bands compared to the positive control. 

 

Table A.2: Primers used in the RT-PCR. 

Primer 
set 

Length of 
amplified 

product (bp) 

Position in 
genome 

Primer sequence 

#1 1696 19-40 Fw: 5’-GGTCCTGCTCAACTTCCTGTCG-
3’ 

  1714-1693 R: 5’-GAGTTTGCTGCGATTGCTGAGG-
3’ 

#2 1567 1693-1714 Fw: 5’-CCTCAGCAATCGCAGCAAACTC-
3’ 

  3259-3240 R: 5’-TAGCGACCACTGTCGTGCTT-3’ 
FW, forward oligonucleotide; and R, reverse oligonucleotide 
All primers were purchased from Integrated DNA Technologies, USA.
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B.1 Supplementary Material for Publication 2.1 

 
Online Resource 1. a. Representative transmission electron microscopy micrograph of 
PVYNTN (photo by Magda Tušek Žnidarič). b. Schematic representation of the PVYNTN 
genome. The four genes along the genome analyzed using RT-PCR are marked in blue: P1, 
P3, Nia, and CP. c. Representative healthy (left) and PVYNTN-infected (right) tobacco 
plants. 

Online Resource 2: Measurements of hydrogen peroxide 
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Concentration of H2O2 was measured in every sample before and after the treatment for 
all treatment types. For that purpose, semi-quantitative Quantofix Peroxid 25 test strips 
(Macherey-Nagel, Germany) were used. Concentrations measured prior to any treatment 
were always 0 mg/L of H2O2. Results of the measurements are presented in the Online 
Resource 3. 

Online Resource 3. Results of semi-quantitative H2O2 measurements directly after 
treatments 

Virus 
source 

Treatment 
type 

Treatment 
conditions 

(concentration 
and/or time) 

H2O2 
concentration 

(mg/L)a 

Infected 
homogenate 

H2O2 12.5 mg/L; 15 
min 

0 

  25 mg/L; 15 
min 

0 

 CAP 5 minb 2-5/2-5 
  15 minb 25/10-25 
  30 minb 25/25 
  45 minb 25/25 
  1 hb 25/25 
  2 h 25 
  3 h 25 
Low 
concentration 

Stirring 1 min 0 

pure virusc Gas 1 min 0 
 H2O2 0.5 mg/L; 1 min 0.5 
  1.0 mg/L; 1 min 1 
  25 mg/L; 15 

min 
25 

 CAP 1 min 1 
  5 min 2-5 
  10 min 10 
High 
concentration 

CAP 1 min 0,5 
 5 min 2 

pure virusd  10 min 5-10 
CAP, Cold atmospheric plasma treatment 
a, The highest possible measured concentration was 25 mg/L 
b, Two repeats of CAP treatments were performed 
c, PVYNTN purified from infected tobacco or potato tissue using a classic purification method that 
included saccharose and CsCl gradient ultracentrifugation 
d, PVYNTN purified from infected tobacco or potato tissue using CIM monolithic chromatography 
 
 
Online Resource 4. Discoloration of plant homogenate, prepared as described in the 
Manuscript, section 2.1. Virus source, after 7 min of CAP treatment (see Supplementary 
material 2).  
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This online source is available at: https://link.springer.com/article/10.1007/s12560-019 
09388-y#Sec9. Accessed: 14-Apr-2021. 
 
A. Filipić et al., “Cold Atmospheric Plasma as a Novel Method for Inactivation of Potato 
Virus in Water Samples,” Food Environ. Virol., vol. 11, no. 3, pp. 220–228, 2019.  
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B.2 Supplementary Material for Publication 2.2 
Supplementary material is available as an online source: 
https://www.cell.com/trends/biotechnology/fulltext/S0167-7799(20)30108-6. Accessed: 
12-Apr-2021. 
 
A. Filipić, I. Gutierrez-Aguirre, G. Primc, M. Mozetič, and D. Dobnik, “Cold Plasma, a 
New Hope in the Field of Virus Inactivation,” Trends Biotechnol., vol. 38, no. 11, pp. 1278–
1291.  
 

 



69 

 

Appendix C 

Permission for Reproduction of 
Included Publications 
 
C.1 Permission for Reproduction of Publication 2.1 
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C.2 Permission for Reproduction of Publication 2.2 
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C.3 Permission for Reproduction of Publication 2.3 
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