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Abstract 

The here presented dissertation investigated the molecular mechanisms, by which the food 

industry model bacteria Pseudomonas fluorescens and Listeria monocytogenes, grown either 

as planktonic cultures, were inhibited by plasma treated water (PTW) produced by a 

microwave-induced plasma source (MidiPLexc). As a starting point, optimal operating 

parameters were determined with 5 standard liters per minutes (slm) compressed air during 

the treatment of 10 ml deionized water within a treatment time of up to 15 min (pre-treatment 

time). Treatment times of 1, 3 and 5 min were selected (post-treatment time). In addition to 

physical parameters, i.e. temperature measurements at different spots at the plasma source 

during the production of the PTW, the chemical composition of PTW was determined by pH 

measurements, chronoamperometry (determination of the H2O2 concentration), ion 

chromatography (determination of the NO2
-, NO3

- and ONOO- concentrations) and mass 

spectrometry (qualitative determination of the molecules). In addition, concentration changes 

of reactive species over a period of 3 h indicated a decrease of the NO2
- concentration as well 

as an increase of the NO3
- and ONOO- concentration in the PTW. Microbiological assays, i.e. 

quantification of colony-forming units (CFU), fluorescence and XTT assays, revealed a significant 

reduction of the proliferation ability of the cells, membrane damages and metabolic activity 

have been demonstrated for planktonic cultures as well as mono- and multispecies biofilms. 

PTW effects on biofilm structures were investigated using microscopic methods such as 

fluorescence microscopy, confocal laser scanning microscopy (CLSM), atomic force microscopy 

(AFM), and scanning electron microscopy (SEM), as well as physical methods such as contact 

angle measurements. Significant changes in the biofilm structure have been shown, which 

indicate an ablation of the biofilm mass from top to bottom by approximately 2/3 of the biofilm 

mass and a destruction of the extracellular matrix (ECM) by the reactive species within the PTW. 

Subsequently, fresh-cut lettuce has been treated with PTW produced by up-scaled plasma 

sources. Apart from qualitative parameters of the lettuce after PTW treatment such as texture 

and color, the concentration of PTW reactive species have been determined. These 

experiments showed that the composition of the reactive species were slightly different from 

that of the laboratory-scaled plasma source MidiPLexc. Notably, the PTW treatment did not 

cause significant changes in texture and color of the fresh-cut lettuce. Finally, a synergistic 

effect of PTW treatment followed by plasma-processed air (PPA) drying was demonstrated 

application-specific. 
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Abbreviations 
ACP            atmospheric cold plasma 

APPJ          atmospheric pressure plasma jet 

BPR                  biocidal products regulation 

CFU                   colony-forming-units 

CLSM                 confocal laser scanning microscopy 

DBD         dielectric barrier discharge 

DW                 deionized water 

ECM          extracellular matrix 

ESEM            environmental scanning electron microscopy 

H2O2            hydrogen peroxide 

HNO3               nitric acid 

IC                   ion chromatography 

MHCD        micro hollow cathode discharge plasma 

N2O3       dinitrogen trioxide 

N2O4          dinitrogen tetroxide 

N2O5                    dinitrogen pentoxide 

N2O6                      dinitrogen hexoxide 

NaOH              sodium hydroxide 

NH3                ammonia 

NO              nitric oxide 

NO2                nitrogen dioxide 

NO2
-                       nitrite 

NO2
+                     nitronium ion 

NO3
-                     nitrate 

NTP                    non-thermal plasma 

O2
-               superoxide anion 

OAUGDP     one atmosphere uniform glow discharge plasma 

OD                   optical density 

OH-                 hydroxyl radical 

ONOO-           peroxynitrite anion 

PA              poly amide 

PG                    peptidoglycan 

PGC                plasma-generated compound 



 

 

PPA                   plasma-processed air 

PTFE               polytetrafluoroethylene 

PTW                  plasma-treated water 

RNS             reactive nitrogen species 

ROS               reactive oxygen species 

SEM                  scanning electron microscopy 

VBNC            viable but non culturable 

VUV            vacuum ultraviolet 

XTT                  (2, 3 bis (2 methoxy 4 nitro 5 sulfophenyl)  

    2H tetrazolium-5-carboxanilide) 
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 State of the art 

 Non-thermal plasmas (NTPs) 

In 1927, the term "plasma" was first used by the American chemist and physicist Irvin Langmuir 

and originates from the Greek word “plásma", which means “to form”. The analogy to biological 

plasma derives from the ability to regulate itself in contrast to other fluids [1]. It is physically 

defined as a partially or completely ionized gas and, in contrast to the states of matter solid, 

liquid or gaseous, it is generally described as the "fourth state of matter". In contrast to the 

other physical aggregate phases, it has no distinct phase boundaries. Interestingly, 99% of the 

universe consists of plasma, including the sun [2]. In terms of particle physics, it consists of 

neutral and charged particles such as anions and cations. Plasma also forms electromagnetic 

fields, as well as vacuum ultraviolet (VUV) radiation, UVA-UVC, visible light and thermal 

radiation [3]. All variants of plasma generation are characterized by the fact that energy is 

coupled into a gaseous medium and, therefore partially disintegrates into its components 

(Figure 1). This energy can be introduced mechanically, chemically, thermally, radioactively, 

nuclear, electrically, or electromagnetically [2]. 

In general, plasma can be divided into two main categories, i.e., high temperature or 

fusion plasmas and low temperature plasmas. High temperature plasmas presuppose a thermal 

equilibrium, whereas non-thermal plasmas (NTPs) are in a non-equilibrium state [4]. In 

Figure 1: Physical plasma consists of positive ions, negative ions, 
free radicals, metastables, photons, atoms and electrons. 
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addition, low temperature plasmas can be further divided in intermediate plasmas or close to 

thermal plasmas and NTPs. Intermediate plasmas are in an equilibrium were an energy transfer 

between electrons, ions and neutrons is almost as effective as in high temperature plasmas [5-

7]. In NTPs, most of the injected electrical energy, is primarily stored in electrons rather than 

ions or molecules, thus, a heating of the gas flow is prevented [8]. The reason why these 

plasmas are cold anyway is due to their resistances. Since the energy in the electrons is stored 

in the form of potential or kinetic energy, which would be converted into heat energy after a 

certain time, the energy supply must limited in the NTPs. This is achieved by high impedance, 

e.g. with the help of a dielectric or the geometry of the plasma source or by pulsation. 

There is a wide range of different NTPs, all varying in the way they are applied, their 

physical properties or the produced plasma. Traditionally, microwave plasmas and plasma 

torches are classified as intermediate or close to thermal plasmas under atmospheric 

conditions, because they generate a high efflux of heat [9-11]. The most important 

representatives of the NTPs are glow discharges, corona plasmas [12], plasma jets (APPJ) [13], 

dielectric barrier discharges (DBD) [14], micro hollow cathode discharge plasmas (MHCD) [15], 

one atmosphere uniform glow discharge plasma (OAUGDP) [16, 17] or plasma needles [18, 19]. 

Generally, glow discharges only describe a plasma that is luminous by applying a voltage 

through a low-pressure gas causing its ionization. APPJs are among the most well-known 

contemporary plasma sources. They usually have a hand-held unit which reminds of a pen with 

a continuous plasma effluent at its tip. The most prominent hand-held plasma device in 

Germany is the kINPen, which already has medical certification and is successfully used for 

wound healing in medicine and veterinary medicine as kINPen Med [13]. 

DBDs are the workhorses in plasma technology. A dielectric is a non-conductive 

substance, in the case of DBD usually the glass and ceramic plates. Under normal conditions 

also the ambient air. However, as it is ionized in the DBD, it becomes an electrical conductor 

and therefore no longer acts as a dielectric. As a result, broad filaments of plasma are created 

which penetrate the gas as so-called micro-discharges. These dynamic structures formed by 

channel streamers occur repeatedly at the same location when the polarity of the applied 

voltage is changed [20]. Their frequency range is between 1 kHz and 10 MHz and the optimal 

pressure between 10-500 kPa [14]. The sample can be placed between the electrodes for the 

desired treatment. The advantage of this plasma source is the relatively simple scalability to 

industrial level as well as the low costs, simple power supplies that can be used, the low specific 

power and the natural current limitation due to the dielectric. 
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Plasma needles have a small and thin plasma effluent that exists outside of the jet-like 

plasma source as a continuous plasma effluent caused by the gas flow. This plasma source is 

perfectly suited for very small and local treatment areas such as root canal treatment of teeth 

[18]. The advantage is that the treated samples do not have to be placed between the two 

electrodes. These examples are only a selection of the various plasma sources. Due to the 

increasing number of application fields, new plasma sources are constantly being developed. 

In this work, the microwave-driven plasma source MidiPLexc was used (Figure 2). An 

extended version of the MiniMIP [21]. It is operated with a field frequency of 2.45 GHz which 

is supplied by a microwave generator via a coaxial connector to the plasma source. The 

MidiPLexc is capable of producing a stable plasma effluent using compressed air, in contrast to 

the MiniMIP which, like most plasma sources, can only be operated using inert gases such as 

argon. This is an important factor for use in the food industry, since the cost issue plays a major 

role in this industry and compressed air is far less expensive than continuous operation with 

inert gases. In addition, a bottle adapter was integrated at the bottom of the plasma source to 

enable the connection of 1 l glass bottles, thus allowing the plasma effluent to extend into the 

bottle and allow PTW generation directly in the bottle. 

  

Figure 2: The microwave-induced plasma source MidiPLexc has a cube like 
structure connected to a 1 l glass bottle via the integrated bottle adapter. On 
the bottom of the plasma source, the plasma effluent is directly streaming into 
the gassing bottle for the production of the PTW. 



4 

 

 The chemistry of Plasma-treated water (PTW) 

Although redox chemistry appears to be relatively simple in terms of the molecules involved, 

the high dynamics of the chemical reactions cause the chemistry to be very complex in its 

outcome. Figure 3 shows the possible chemical redox reactions. The image clearly divides the 

chemical components according to their occurrence in gas and liquid. While our knowledge on 

the molecular components of the plasma gas, which were measured directly in the effluent, is 

quite comprehensive, relatively little is known about the components generated in PTW. 

Notably, the nature of the molecular components within the treated water strongly depends 

on the plasma source used. In case of microwave-induced plasma, mainly reactive nitrogen 

species (RNS) are generated [22]. This can be explained by the temperatures reached within 

the plasma. They become much hotter than e.g. radiofrequency DBDs. This leads to oxygen 

dissociation at high temperatures while nitrogen is still present [23]. 

The oxygen necessary for the reactive oxygen species (ROS) subsequently found in PTW is 

supplied from the ambient atmosphere and from dissociation of the water itself. The general 

term RNS embraces molecules such as nitric oxide (NO), nitrogen dioxide (NO2), nitrite (NO2
-), 

nitrate (NO3
-), dinitrogen trioxide (N2O3) and dinitrogen tetroxide (N2O4), which is the dimer of 

NO2 [24]. There are also higher molecular RNS such as dinitrogen pentoxide (N2O5) and 

dinitrogen hexoxide (N2O6) [25]. Both molecules imply the ionic molecule NO3
-. N2O5 is 

composed of a nitronium ion (NO2
+) and NO3

-, if it is in the solid state [26]. At given parameters 

during the production of the PTW it would be solved in the water at the temperature of 27 °C. 

N2O5 would react heavily with the water and dissociate to nitric acid (HNO3), which would lead 

to an acidification of the water [27]. N2O6 acts as an intermediate in the reaction of N2O3 with 

O3. In addition to N2O6, NO3
- is also produced, which can then react with NO2

- to form N2O5, 

closing the cycle [28]. An intermediate between ROS and RNS is the peroxynitrite anion 

(ONOO-). ONOO- is considered to be a key molecule, especially with regard to its antimicrobial 

effect [29, 30]. It results from the reaction of NO with a superoxide anion (O2
-) [31]. 

However, it very quickly decomposes again into various separate products. It was already 

shown in 1970 that ONOO- decomposes into a hydroxyl radical (OH-) and nitrogen dioxide [32, 

33]. However, it could also be shown that the “cis” conformation of the molecule is much more 

stable than the “trans” conformation in aqueous solutions as the negative charge is located 

over the entire molecule in the cis conformation, whereas in the trans conformation it is not 

[34]. This can also be concluded from this work, since in the ion chromatogram of the PTW, two 
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directly consecutive fractions in the range of the retention time of ONOO- could be detected. 

Whereas one fraction dissociated over time, the second fraction remained stable. This suggests 

the ion chromatographic detection of the two cis-trans conformations. This thesis further 

elaborates on the plasma chemistry and the newly gained insights later on. 

 Application fields and techniques 

During the last three decades, plasma has gained relevance in many aspects of technology. A 

differentiation can be made in the nature of the sample between biotic and abiotic surfaces. 

Concerning the treatment of abiotic samples, there is the plasma modification of surfaces, 

plasma polishing or plasma etching, plasma coating and plasma cutting. During surface 

modifications, ions are implanted into the surface, changing the physical and chemical 

properties of surfaces [35, 36]. 

Plasma modification of surfaces is an important market, e.g. in the printability of plastic 

materials. Here, the modification of the plastic surface serves as an adhesion promoter for the 

printing ink [37, 38]. Plasma etching is an irreversible process which removes material from a 

limited area. This is an established method in the semiconductor industry that has been used 

Figure 3: The schematic illustration of chemical reactions of the reactive species in PTW and PPA 
indicates interaction pathways of reactive oxygen (ROS) and reactive nitrogen species (RNS) 
and their intermediate reaction products. The molecules highlighted in blue only occur in PTW 
and those highlighted in red only in PPA. It is unknown for the molecules highlighted in black. 



6 

 

here for many years. Plasma polishing removes undesired surface alterations [39]. It is mainly 

used for surfaces such as glass, ceramics or crystals [40]. In addition, it can replace electro 

polishing in the metal industry. The plasma sources, which are employed for such a process, 

are remarkably diverse. They are often moved over the sample with high velocity, and thus, the 

exposure time of the sample to the plasma is very short [41]. Plasma coating is already used in 

the manufacture of architectural glass in industry and also plays an important role in the 

generation of barrier layers in beverage bottles [42-46]. For plasma cutting processes, thermal 

plasmas are brought close to the sample. The actual process is mainly made possible by 

convection, conduction and radiation processes [47]. Generally, an arc-like plasma torch is used 

for the cutting process [48]. This type of plasma processing is often used for cutting resistant 

materials such as metals [49]. 

In the field of biotic surfaces, the kINPen is a pen-like tool already used and approved for 

medical use in clinical wound treatment of the skin of human and animals [50]. The kINPen has 

already been used for wounds such as diabetic foot, onychomycosis or ulcer and other skin and 

nail diseases [51-56], as well as in combating various types of cancer [57, 58]. 

The decontamination of liquids, the direct treatment of food or food packaging material 

as well as the treatment of biofilms are important aspects for the food industry. This primarily 

involves the treatment of fresh products such as lettuce [59, 60] (Figure 4), strawberries [61, 

62], potatoes [63, 64] or tomatoes [12, 65, 66]. Meanwhile, plasma treatment is also applied 

for various products of animal origin like meat [67-69], eggs [70-73] or fish [74-77] and products 

derived from fish [78]. The main objective of this applications is the extension of the shelf life 

of the products, which is normally very short due to their high freshness, and which is the 

reason why they frequently become no longer marketable. On the other hand, there is a need 

for decontamination of the equipment and the production line itself in order to prevent 

contamination of the products by bacteria occurring during the food processing state. 

The first attempts often referred to the direct treatment of food with plasma effluents. 

The most promising variant here is certainly the use of DBDs [79-81]. Nevertheless, studies with 

other plasma sources have also been investigated for this purpose. However, due to the high 
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energy and temperature input by these plasma sources, this rapidly leads to quality changes of 

the product. The treatment of corn leaves with a radio frequency argon plasma jet resulted in 

a significant loss of product quality already at a power input of 20 W for longer than 1 min [82]. 

In addition, it could be shown that bioactive components such as polyphenols, which have a 

positive effect on human health, are degraded by direct plasma treatment in various foods [83]. 

Due to this fact, research is increasingly moving in the direction of indirect food treatment 

with plasma [84]. The use of plasma-generated compounds (PGCs) as antimicrobial active 

compounds is a new innovative area of research on plasma decontamination. These include 

plasma-processed air (PPA) and PTW as well as ozone and ozonized water [85-89]. This area is 

an upcoming field of research, which recently demonstrated the excellent antimicrobial 

properties of PGCs against a variety of bacteria [90-92]. Especially due to the use of these 

substances for areas difficult to access, these products seem to be particularly suitable for the 

food industry [93]. For this purpose there is the possibility of treatment of food with PPA either 

Figure 4: Treatment of lettuce with PTW in a pilot-scale facility of a food company via spray nozzles for 
scientific testing purposes. (from the project: Innovative Monitoring- und Entkeimungsverfahren für 
die mikrobiologische Sicherheit in der Produktionskette frischer pflanzlicher Lebensmittel (SafeFresh), 
sub-project: Plasmaverfahren zur Generierung hygienischer Sicherheit in der Produktionskette, FKZ: 
13N12428. BMBF-program „Forschung für die zivile Sicherheit“ Jürgen Löhrke GmbH. 
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in special chambers where the food is placed manually [94, 95] or directly in package [90, 96, 

97]. In contrast to the direct plasma treatments, only slight or no qualitative changes of the 

product were detected [66]. At the same time a high antimicrobial activity of the PPA was 

detected. Only carotenoid-colored products have visible color changes after treatment [98]. 

However, decontamination of heat-sensitive products is possible with PPA [98, 99]. The 

limitation here is probably the upscaling process to integrate this type of treatment directly 

into the production line and to enable continuous operation on a large scale. 

Also the application of PTW could be beneficial, since flushing processes with water are already 

commonly used methods of food processing, such as the treatment of fresh-cut produce [100]. 

A strong antimicrobial effect of PTW could be demonstrated without large qualitative losses. In 

addition, a synergistic effect was demonstrated in the combined treatment with PTW and 

subsequent drying with PPA [85]. For lettuce in particular, initial pilot projects with test 

production lines have already been carried out to investigate the method in the upscaling 

process [101, 102]. Promising antimicrobial results could be shown. Again, the main limitation 

at the moment is the further scale up of the system. Due to the high water throughput during 

food processing of hundreds of liters of water per hour, it is currently very difficult to produce 

such PTW quantities within one hour. 

Another highly essential aspect for the industry is the sustainability and the reuse of the 

washing water, since there is an enormous consumption of water during the washing process 

of fresh products [103, 104]. The biggest problem here is the organic residues in wastewater 

from the food industry [105]. Studies have already demonstrated the degradation of pesticides 

[104], methylene blue [106], pharmaceutical products [107, 108] and carbamates [109] as well 

as the reduction of algal bloom [110] by plasma treatment in wastewater. With regard to the 

reuse of wastewater in the food industry, the trend is towards the re-concentration of 

wastewater after the decontamination of the food products. This implies that PTW is produced 

in the production line, in the case of fresh-cut vegetables it is applied to the product via spray 

nozzles and drains over the conveyor belts into collecting trays and is then subsequently re-

processed by a plasma source and can be used again for product decontamination. However, 

this would make the use of coarse filter systems essential, which clean the wastewater from 

rough organic residues in order not to block the nozzles. Also in view of the degradation of 

organic substances by PTW this could be a useful method. However, a pilot scale study in this 

respect is not known so far. 
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A significant problem in the food industry is the formation of bacterial biofilms in food 

processing facilities. This affects the entire food industry from milk and cheese processing [111, 

112], fresh-cut vegetables and ready-to-eat industry [113-116] up to meat and fish industry 

[117-119]. Two bacterial species that repeatedly appear in this context are Pseudomonas 

fluorescens and Listeria monocytogenes. These are ideal model organisms for this work due to 

several factors. While P. fluorescens is primarily a cost and economic problem for the food 

industry due to product losses, L. monocytogenes is particularly a human-health risk and thus 

indirectly also an economic problem in the sense that entire facilities and companies have to 

be shut down when outbreaks are detected. On the biological level, they also differ in Gram-

staining and thus in biological structure, as well as in the products where they are normally 

found. In the following, we will go into more specific detail regarding the two bacteria. 

 The role of P. fluorescens as a spoilage organism in the 
food industry 

P. fluorescens is a Gram-negative, psychrophilic, oxidase-positive, rod-shaped bacterium, which 

frequently occurs as food spoilage organism [120, 121]. Albeit being a relatively harmless 

microorganism, P. fluorescens causes disease in immunosuppressed humans [122]. In the food 

industry, contaminations with P. fluorescens can causes substantial costs. In the area of fresh 

cut products such as lettuce, carrots and other vegetables, the bacteria leads to rot of wounded 

tissue [123]. Furthermore, P. fluorescens is also a problem in the meat and dairy industry, where 

it is a common contaminant of refrigerated products such as meat and fish products like cod or 

haddock, or in the cheese industry where it releases blue non-diffusive pigments on cheese 

products during the production process [120, 124-127]. 

P. fluorescens is also able to form biofilms, the dominant growth form of microbial life 

[128, 129]. For this purpose, P. fluorescens produces an extracellular matrix (ECM) in which the 

cells are embedded [130]. This is an essential component for the attachment of the biofilm to 

different surfaces like steel, aluminium, glass, polytetrafluoroethylene (PTFE) seals and 

polyamide (PA) material, which are typically found in food processing environments [131-134]. 

Moreover, a cell surface protein (LapA) has been identified that promotes the efficient 

adhesion to abiotic surfaces [135]. In addition, embedding in the ECM leads to an increased 

resistance of P. fluorescens to environmental stress factors such as temperature, pH variations 

or antibiotic treatment, as well as mechanical stress such as frictional forces. The ECM of 

P. fluorescens consists of dense clusters of fibrillary structures of glycoproteins. The protein 
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content can be up to 50 % and is predominant here, while the remaining components are 

mainly polysaccharides (15%) [136]. This is where P. fluorescens differs from other 

Pseudomonas spp. in which alginates and generally the sugar-protein ratio is shifted 2:1 

towards the sugars [137]. The proportion of calcium ions in P. fluorescens biofilms is also 

noteworthy. This comprises up to 3 % of the dry mass and is thus significantly higher than the 

total dry weight of all inorganic ions typically found in biofilms of other bacteria [138]. In this 

context, the calcium ions contribute to the cross-linking of the ECM molecules and thus 

increase the stiffness of the biofilms [139]. 

A major problem in food processing is the ability of the bacteria to be transferred from 

surfaces along the production line to the product. However, many bacteria also occur naturally 

within the products or as a result of decay processes and can then be transferred to the 

production facilities and establish themselves there. For this purpose, the bacteria use specific 

lyase enzymes that cause a detachment of biofilm components [140]. This leads to the 

disintegration of the ECM in certain areas, causing cells to detach and contaminate new areas 

[130]. Afterward, the presence of various genes, flagella or Clp proteases lead to a tight 

adherence to surfaces in new areas of the food processing line [141]. As the bacteria are 

introduced through the product itself, this leads to a constant recontamination of the 

production line. 

 Characterization of L. monocytogenes as a spoilage 
organism in the food industry 

L. monocytogenes is a Gram-positive, ubiquitously occurring intracellular pathogen that has 

been responsible for a number of food-borne outbreaks worldwide in recent decades [142, 

143]. It is the causative pathogen of listeriosis, a disease with a mortality rate of 24 % that often 

affects immunocompromised persons, pregnant women and their fetuses [144]. As an 

intracellular microorganism, L. monocytogenes infects intestinal cells and macrophages by 

parasite-directed endocytosis [145] [146]. The symptoms of the disease mainly involve the 

central nervous system and primary bacteraemia. In some cases, however, it can also lead to 

endocarditis [147]. The highest infection rates are found in neonates followed by humans over 

60 years of age [148, 149]. By far the most common infection route is the consumption of 

contaminated food, including most often meat and dairy products such as cheese [150], pork 

[150], ice cream [151], sea food [152, 153], boiled eggs [154] and raw milk [155], but also 

mushrooms [156], salad [157], bean sprouts [158] or cantaloupes [159]. Because of its 
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psychrophilic properties, the pathogen is also able to contaminate refrigerated food products 

[160]. Due to this fact, L. monocytogenes has minimal competition with other bacteria for 

nutrients, and growth is not inhibited by them. This is the reasons why L. monocytogenes is 

predominantly found in cooled meat, fish and dairy products. Non-cooled products are often 

contaminated with other microorganisms, which then dominate and suppress 

L. monocytogenes on the product due to its rather specific growth [161, 162]. In contrast, there 

are not many psychrophilic pathogens that compete with Listeria in cooled products. Lacto-

acid bacteria produce a bacteriocin-like substance to reduce the growth of Listeria in cooled 

products [163, 164]. Nevertheless, this only serves to inhibit growth, but cannot prevent 

infection by low cell numbers of L. monocytogenes. 

 Objectives of the work 

In the last two decades, numerous studies on the antimicrobial effects of plasma have been 

published [164-169]. However, even after decades of research in the field of plasma treatment 

of biofilms, there are still many unanswered questions with regard to the mechanistic effects 

of plasma against biofilms and especially the treatment of biofilms with PTW. Furthermore, 

antimicrobial effects are always dependent on the physical parameters of the plasma source 

and the carrier gas used, making direct comparison of antimicrobial effects between individual 

plasma sources much more difficult [165]. Since we have introduced a new plasma source, the 

MidiPLexc, this work also served as a demonstration of the first data sets regarding the optimal 

parameters used as well as the antimicrobial effects of this plasma source. Therefore, the 

optimal gas flow and water volume were examined and temperature measurements were 

performed at different positions at the MidiPLexc during PTW generation (see suppl. 3.1). 

Since the overall target was to use microwave-induced plasma sources in the food 

industry in the form of industrial projects, two model organisms from the food industry, named 

P. fluorescens and L. monocytogenes were used and planktonic cultures as well as biofilms of 

these organisms were treated with PTW produced by the MidiPLexc, as a representative of 

microwave plasma sources (see suppl. 3.1). Moreover, the model organisms were grown as 

multispecies biofilms and treated with PTW to demonstrate whether there are synergistic, 

antagonistic or no effects of the bacteria among each other in the multispecies biofilm. 

The antimicrobial effects were examined using CFU, fluorescence and XTT assay to show 

whether the antimicrobial effect have an influence on the proliferation ability of the cells after 

treatment, leads to membrane damage or reduction of the metabolic activity of the cells 
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(see suppl. 3.1-3.3). In order to draw conclusions about the mechanistic effect of PTW on the 

biofilms, microscopic methods were applied such as fluorescence microscopy, confocal laser 

scanning microscopy (CLSM), Atomic force microscopy (AFM), and scanning electron 

microscopy (SEM) but also physical methods such as contact angle measurement. These studies 

were intended to provide an overall picture of the antimicrobial effect of PTW on the model 

organisms and to provide indications of the mode of action (see suppl. 3.2-3.3). 

Meanwhile, numerous studies have shown that the key chemical components in PTW are 

the reactive species. However, it has not yet been clearly demonstrated how exactly these 

substances act on the individual components of biofilms and which species is the decisive 

molecule. For this reason, this work first investigated the chemical composition of PTW with a 

focus on the reactive species. Therefore, chemical analysis and concentration measurements 

was done for the generated PTW with the aid of chronoamperometry, ion chromatography and 

mass spectroscopy (see suppl. 3.1). 

In addition to the basic research aspects, practical industrial projects were accompanied 

and supported with the chemical analysis of PTW generated with scaled up plasma sources. 

Here, the chemical composition of the PTW was also determined for the other plasma sources, 

but also application-specific questions such as the synergistic effect of PTW treatment with 

subsequent drying with PPA were carried out (see suppl. 3.4). Finally, the effect of PTW was 

also tested on food products such as lettuce and the sensory changes of the product due to 

PTW treatment were carried out in the form of color and texture measurements (see suppl. 3.5-

3.6). 

 Key results 

In the following chapter, insights into the key results of this PhD thesis were given with 

reference to the collective published peer-reviewed manuscripts attached as supplementary 

information and referenced for detailed information. As this work progressed incremental, 

insights were gained into the composition of PTW, its antimicrobial properties, and the 

mechanism of action. 

The inhibition of the first model pathogen C. albicans by plasma was investigated as preliminary 

work for this thesis. The aim of these studies was to compare the inhibition of C. albicans 

biofilms by the MiniMIP, a former version of the MidiPLexc, to already established and very well 

investigated plasma sources like the radiofrequency plasma jet kINPen09 [170]. 
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In this first publication, a reduction of C. albicans biofilms up to 2 log10 levels after 300 s 

direct treatment with the kINPen09 radiofrequency plasma jet was demonstrated [170]. These 

results were compared with those obtained for a MiniMIP treatment of C. albicans biofilms, 

which reveal a reduction of 3 log10 steps already after 50 s under the same conditions [171]. 

The results confirmed the adverse effects of microwave-induced plasmas on biofilms and the 

antimicrobial potential exceeded the results found for well-established plasma sources like the 

kINPen09 under the same laboratory-scale conditions [170]. 

At the beginning of the PhD thesis we focused on the modification of the MiniMIP 

towards application specificity. Therefore, the MiniMIP was further developed to generate a 

stable plasma effluent with compressed air. Because of the cost impact in the food industry, 

the tested plasma source provided an economically favorable perspective, as conventional 

plasma sources frequently operate with costly inert gases as carrier gases. 

On the other hand, biofilms often grow on production surfaces, which were inaccessible 

unless high pressure flushing and washing processes were used. Here, a direct plasma 

treatment with the effluent would be helpful since plasma has the property of being able to 

penetrate even into crevices. It easily travels into thin pipes or the interior of production plants. 

Additionally, PGCs and their ability to form PTW offered a new perspective in food processing. 

Under production conditions, food products were mainly washed with water, where an 

additional sanitizing PTW treatment appeared favourable for decontamination. PTW was also 

perfect for rinsing inaccessible areas and it could simply replace the wash water without further 

constructional changes. Since the carrier gas and the treatment developed from MiniMIP to 

MidiPLexc from inert gases to pressurized air and from a direct to an indirect PTW treatment, 

the chemical and physical working principles were fundamentally changed. Consequently, a 

characterization of the new version MidiPLexc also encompasses new antimicrobial and 

chemical test series to determine the antimicrobial efficacy and the active compounds of PTW, 

respectively. 

A crucial point in this study was the verification of the active components in the PTW. It 

provided the foundation to directly assign an antimicrobial effect to an individual compound. 

Against that background, recent literature shows the strongest antimicrobial activity for nitrites 

and H2O2. NO3
- has generally not been shown to have any antimicrobial activity. Further basic 

investigations within the framework of a “bachelor thesis” were able to confirm these 

hypotheses. The results of my thesis clearly shown a time dependent decreasing NO2
- 
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concentration and vice versa an increase in NO3
- and ONOO- concentration (see suppl. 3.1). 

Hence, one may assume that PTW loses its effect over time. However, previous publications 

could not confirm these findings. H2O2 could form ONOOH in combination with NO2
- [166], and 

this process may explain a decreasing NO2
- concentration, directly followed by an increased 

ONOOH concentration. Since ONOOH was also considered to have an antimicrobial effect, it 

could be an explanation for the lasting antimicrobial effect of PTW. Under acidic conditions, 

ONOOH decomposes very quickly to NO3
- [167]. Due to the demonstrated increase in 

peroxynitrite concentration over time (see suppl. 3.1), this suggests a continuous supply of 

ONOOH by NO2
-. 

PTW has been shown to have a strong antimicrobial effect against Gram-negative cells 

including P. fluorescens (see suppl. 3.2), whereas PTW has only a weak antimicrobial effect 

against Gram-positive L. monocytogenes (see suppl. 3.3). This supports the assumption that 

different efficacies of PTW treatment resulted from different cell wall structures of the different 

bacteria. Gram-negative bacteria have an outer cell membrane, which was covered by a thin 

peptidoglycan layer. A gel-like structure was located between the outer membrane and the 

plasma membrane, called periplasm. The outer membrane, the peptidoglycan (PG) layer and 

the periplasm collectively form the Gram-negative cell envelope [168]. The cell wall of 

Gram-positive bacteria consists of only two functional layers: a cytoplasmic membrane 

surrounded by a thick cell wall. The cell wall of Gram-positive bacteria consists mainly of PG 

and worked like a 3D net-like structure with a thickness of about 50 nm [169]. Due to the 

interaction of rigid sugar chains cross-linked with peptide bridges, a high flexibility and at the 

same time high turgor pressure resistance were achieved [170]. However, since it has long been 

known that the individual components such as lipids or sugar chains could be increased or 

decreased in both variants of bacteria depending on the bacterial strain, it was unlikely that the 

different effect of PTW was due to a specific component in the cell envelope [171]. As with the 

susceptibilities associated with the membrane categorisation, it was possible that the general 

difference in permeability for certain molecules was the decisive factor for the PTW effect. 

Furthermore, it could be shown that the different antimicrobial effects of PTW were not solely 

observed for these two bacteria, but also for several other Gram-positive and Gram-negative 

bacteria such as Bacillus atropheus, Pectobacterium carotovorum and Escherichia coli 

(see suppl. 3.4). This emphasizes once again the different effect of PTW could be in part 

attributed to the different permeability of the cell envelopes [85]. 
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The microscopic examinations of the bacterial biofilms showed strong differences 

between the untreated control biofilms and the PTW treated biofilms. The untreated biofilm 

of P. fluorescens showed a very loose structure with detachments and holes within the matrix. 

After plasma treatment, this appearance changed to a very compact and rigid matrix with a 

slight reduction in biofilm height due to removal of biofilm mass (see suppl. 3.2). The untreated 

L. monocytogenes biofilm appeared more compact than the P. fluorescens biofilm, but much 

looser than the PTW-treated biofilms (see suppl. 3.3). Such effects have already been 

demonstrated in other studies in roughly the same time frame to this thesis [172]. Emerging 

and recently published studies suggested that the decisive mode of action of PTW against 

bacterial biofilms was the interaction and modification of the structure of the ECM [173]. 

With the aid of AFM images, increased clustering of the plasma-treated biofilms could be 

detected (see suppl. 3.2). Studies have already shown that this was a kind of protective 

mechanism of the biofilm cells against external stress factors such as disinfectants or other 

chemicals [174]. Another important aspect of the resistance of biofilm cells to external 

influences was the formation of persister cells, which have an increased resistance and were 

often found in greater numbers in the inner region of the biofilm. These was a result of 

intercellular communication via quorum sensing after contact with external stress factors [175]. 

In the course of this thesis, some results have not yet been published in peer-reviewed 

journals to date. These results were summarized here and focus mainly on the mechanistic 

effect of PTW on biofilms. For this reason, they were presented and interpreted in relation to 

the previously discussed results. 

The following results indicated that PTW mainly has an effect against the ECM of biofilms 

and thus indirectly on the biofilm cells. The ECM provided the cells with protection against 

external stress factors while they continued to have access to nutrients needed for their 

survival [176, 177]. So far, PTW treatments have been shown to lead to increased ablation of 

the superficial biofilm layers (see suppl. 3.2 and 3.3) [178, 179]. This of course also leads to a 

change in the proliferation results, since simply far less cells proliferated than in the control 

biofilms. On a microbiological level, it was therefore not sufficient to simply examine the 

proliferation capacity of the cells in order to conclude that the cells were "killed". Therefore, in 

this thesis we additionally investigated the membrane damage to the cells by fluorescence 

assay and the reduction of metabolic activity by the XTT assay. Our studies have already 

demonstrated that the effect of PTW appeared to be dependent on the cell envelope structure 
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of the bacteria (see suppl. 3.4). This is in contrast to other studies, where an effect against both 

types of Gram bacteria was mentioned [180]. While this was also the case, we could still speak 

of a different extent of the effect of PTW depending on the cell envelope structure of the 

bacteria. This supports the hypothesis that the effects were really cell envelope specific and 

not pathogen specific. 

Contact angle measurements, which were carried out in the course of this thesis showed 

that the surface properties of the biofilms changed significantly after plasma treatment 

(Figure 5). In the experiments, pre-treatment time indicated the time at which the water was 

treated with the plasma source and post-treatment time indicated the contact time of the PTW 

with the biofilms. It could be shown that the control biofilms have a very small contact angle, 

which means that their surface structure is very hydrophilic. This was the case for both bacteria. 

If the biofilms were treated with PTW, their contact angle increased continuously with 

increased pre-treatment time. In this context, the pre-treatment time up to which an increase 

in the contact angle could be achieved was investigated. It was shown that a tailing effect 

occurred for both bacteria after 2 h pre-treated PTW was used. At that point, higher 

pre-treatment times didn`t lead to higher contact angles of the biofilm surfaces. 

Figure 5: Contact angle measurements of PTW-treated biofilms. A: Shows the contact angle of PTW 
treated P. fluorescens biofilms for different pre-treatment times (PTW generation time) between 0 s 
(control) – 5 h. The integrated line diagram shows the decrease of the pH value of the PTW over the 
increasing pre-treatment time. B: Shows the contact angle of PTW treated L. monocytogenes biofilms 
for different pre-treatment times (PTW generation time) between 0 s (control) – 5 h. The integrated line 
diagram shows the decrease of the pH value of the PTW over the increasing pre-treatment time. All 
biofilms were post-treated (contact time of PTW with the biofilms) for 5 min. 
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The use of contact angle measurement is usually a standard method in materials science. 

So far, only a few studies concerning the contact angle of biofilms are known. A study showed 

the effect of growth medium on the contact angle of a Bacillus subtilis model organism. 

Interestingly, contact angles in the range of 50-150° were detected here for all variants [181]. 

This was remarkable if we consider that an angle of 160° could already be considered a lotus 

effect [182]. However, more interesting than the contact angle values themselves was the 

change towards hydrophobicity after plasma treatment (Figure 5). 

To further investigate this effect, SEM images of the biofilms were performed. On the 

one hand, the natural structures of control biofilms with cells completely embedded in the ECM 

were revealed (see suppl. 3.3) (Figure 6). On the other hand, a change in the ECM was evident 

after plasma treatment. For P. fluorescens, the microscopic images suggest a change in the 

composition of the ECM. After PTW treatment, cells with damaged membranes were clearly 

visible (Figure 7, 900 s pre-treatment, red arrow). The leakage of intracellular fluid from the cells 

and mixing with the ECM results in a change in ECM composition. This could explain the change 

in hydrophilicity of the biofilm surfaces after plasma treatment. Due to the proteins, enzymes 

and polysaccharides contained in the intracellular fluid of the bacteria, the ECM changes to a 

rather viscous gel-like substance which surrounds the biofilm cells (Figure 6, 900 s pre-

treatment, red arrow). For L. monocytogenes, the SEM images showed a slightly different 

situation. Here, almost no ECM could be detected after treatment with 900 s pre-treated PTW. 

The cells remained loose and partially isolated on the overgrown surface. However, membrane 

damage could be clearly detected (Figure 7). This could also explained the tailing effect that has 

been repeatedly shown in the antimicrobial activity of PTW against biofilms [183, 184]. The 

"tailing effect" is a term used to characterize the fact that during the treatment of 

microorganisms with PTW, there was initially a continuous reduction in the number of bacteria 

as the treatment time and concentration of PTW increased. At a certain point, however, the 

tailing effect began, whereby even with further treatment time and increasing concentration 

of PTW, there was no higher reduction of bacteria, even if the maximum decontamination has 

been reached. This meant that the tailing effect was the point in time where so many cells in a 

biofilm have been damaged that the amount of leaking intracellular fluid was sufficient to cause 

a buffering effect within the biofilm matrix and to cause a dilution effect of the PTW 

concentrated in the ECM. In the further elaboration of this research question, multispecies 

biofilms of the two bacteria P. fluorescens and L. monocytogenes were cultivated and treated 

with the PTW generated by the MidiPLexc. The CFU assay showed a significant reduction in 
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biofilm proliferation by 9.5 log10 (Figure 8). This was a really tremendous reduction, despite a 

very high cell density of 1x1014 cells/ml in the control biofilms. In the monospecies experiments 

a much lower reduction was achieved, with a reduction of 6 log10 for P. fluorescens 

(see suppl. 3.2) and a reduction of 4.7 log10 for L. monocytogenes (see suppl. 3.3). These results 

indicated that the bacteria in the multispecies biofilm have at least no positive influence on 

Figure 6: SEM images of P. fluorescens after PTW treatment with different magnifications for the 
control, 100 s, 300 s and 900 s pre-treatment time (PTW generation time) and 5 min post-treatment 
time (contact time of PTW with the biofilm). The red arrows indicate particular changes in the biofilm 
after treatment. A Phenom SEM (Thermo Fisher Scientific) was used. The scales are provided in the 
respective image. 
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each other. Previous studies showed a competitive effect of the two bacteria in multispecies 

biofilm dominated by P. fluorescens [185]. We were able to confirm this and show that the 

initial cultivation relationship of the two bacteria is of crucial importance. However, the cell 

numbers could not be adjusted to those of the monospecies biofilm experiments, as otherwise 

the distribution of the bacterial numbers in the multispecies biofilm would not be more or less 

equal. The ratios of the bacterial cell numbers and the point in time of cultivation must be 

Figure 7: SEM images of L. monocytogenes after PTW treatment with different magnifications for the 
control, 100 s, 300 s and 900 s pre-treatment time (PTW generation time) and 5 min post-treatment 
time (contact time of PTW with the biofilm). The red arrows indicate particular changes in the biofilm 
after treatment. A Phenom SEM (Thermo Fisher Scientific) was used. The scales are provided in the 
respective image. 
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precisely adjusted, as slight changes in the ratio can quickly lead to the complete suppression 

of one of the bacteria during cultivation. 

If we observe, with this background knowledge, the distribution of the bacteria in the 

multispecies biofilm after the different treatment times, these results fit well together 

(Figure 9). In the controls, we usually had a ratio of 65 % in favor of P. fluorescens cells. At the 

higher pre-treatment times this ratio shifted at the post-treatment times of 1 min and 3 min in 

favor to L. monocytogenes. This was possible, because at the lower post-treatment times 

P. fluorescens cells were already effectively reduced by PTW treatment, whereas 

L. monocytogenes cells did not show any effect so far. This had already been shown by the 

mono-specie experiments (see suppl. 3.2 and 3.3). At the higher pre-treatment times and 5 min 

post-treatment time the ratios were more balanced, because at that point L. monocytogenes 

cells were also effectively reduced by PTW. This means that the same effects as in the 

mono-species biofilms seem to be visible. This supports the statement that the multispecies 

biofilms of these two bacteria do not seem to have a positive effect for the bacteria in terms of 

resistance against PTW treatment. 

A multispecies biofilm composed of P. fluorescens and L. monocytogenes has already 

been studied by Patange et. al.[186]. In this study, the multispecies biofilm was cultivated on 

lettuce and successfully treated with atmospheric cold plasma (ACP). A temperature-

dependent resistance to the plasma treatment and a dependence on the substrate on which 

the multispecies biofilm were grown, was observed. Other studies have shown that 

L. monocytogenes biofilms required adhesion molecules from other bacteria to form stable 

Figure8: CFU of multispecies biofilms 
of P. fluorescens and 
L. monocytogenes after PTW 
treatment. The x axis shows the pre-
treatment time (PTW generation 
time), the y axis the CFU/ml and the 
different bars show the different 
post-treatment times (contact time of 
PTW with the biofilms) (control, 1 
min, 3 min, 5 min). 



21 

 

biofilms in flow-through systems [187]. This was also demonstrated in our experiments. 

Biofilms of L. monocytogenes could be grown in static systems, but this was not possible in flow-

through systems. Considering the occurrence of biofilms in the food industry, the static systems 

were more suitable as model experiments for direct contamination of food, while the flow 

system was more suitable as model experiment for biofilms occurring within the production 

facilities. Since neither a synergistic nor an antagonistic effect on the biofilm cells could be 

detected after plasma treatment, this supports the assumption that multispecies biofilms of 

P. fluorescens and L. monocytogenes did not exist in reality and in the food production 

environment under normal conditions. The psychrophilic character of L. monocytogenes was 

probably decisive for this. Although P. fluorescens was able to grow under refrigerated 

conditions, the bacteria simply cannot prevail against L. monocytogenes under such 

environmental conditions and at room temperature vice versa. Thus, the multispecies 

experiments of the two bacteria yielded supportive findings on the mechanistic effect of PTW 

but no further additional value for industrial application, which was why we did not focus 

further on the multispecies experiments. 

In addition to basic research on the antimicrobial effect of PTW against bacterial biofilms, 

studies were conducted using PTW produced by scaled up plasma sources against fresh-cut 

produce. For this purpose, different Gram-negative bacteria (P. fluorescens, Escherichia coli K12 

and Pectobacterium carotovorum) and Gram-positive bacteria (L. monocytogenes, Bacillus 

atrophaeus) were cultivated on PE strips and synergistically treated initially with PTW and 

subsequently dried with PPA (see suppl. 3.4). Two important findings were obtained in the 

process. First, it was confirmed that PTW treatment has a stronger effect on Gram-negative 

bacteria than on Gram-positive bacteria. Meanwhile, these observations have also been 

Figure 9: Percentage distribution of P.fluorescens and L. monocytogenes within multispecies biofilm after 
different PTW treatment times. The images show CFU for 100 s pre-treatment time (PTW generation 
time) (left), 300 s pre-treatment time (center) and 900 s pre-treatment time (right). 
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confirmed by other studies [188, 189]. Furthermore, it could be shown that the combined 

treatment of bacteria with PTW and subsequent PPA drying could achieved a synergistic 

antimicrobial effect, which is not due to extended treatment times (see suppl. 3.4). However, 

this does not apply for the reverse order. From an application related point of view, it would 

not make sense to dry a product first and subsequently treat it with a liquid again. 

In the following two sections, I explained the findings of my co-authorship publications 

(see suppl. 3.5-3.6). It should be noted that the chemical investigation of the PTW was carried 

out by me within the scope of my participation in these works and was in my spotlight, as shown 

in the supplementary. I did not carry out the further investigations on the food product itself in 

person. The antimicrobial effect of PTW was evaluated in detailed washing steps adapted from 

post-harvest processing of fresh-cut lettuce in the food industry (see suppl. 3.5). Here our 

working group were focused on the effect of PTW on the natural microbial load from fresh-cut 

lettuce. Additionally, quality parameters like texture and color as well as nitrate concentration 

of the fresh produce were examined. It was shown that it was of decisive importance in which 

process steps the PTW treatment was used. Recontamination was possible, which is why the 

use of PTW in several process steps makes sense. Furthermore, it could be shown that the 

maximum nitrate content in lettuce specified by the EU is not exceeded after PTW treatment 

(see suppl. 3.5). The investigations of the food quality after PTW treatment showed promising 

results. They could demonstrate that the color and texture of the lettuce as well as the surface 

structure and the cell organelles remained unaffected (see suppl. 3.5). Other studies showed a 

slight change in color and texture after PTW treatment in some cases with various vegetables 

and fruits [190-193]. Nevertheless, these studies showed a strong heterogeneity of the effects 

within the different vegetables and fruits [194-199]. 

In addition, the antimicrobial effect of our PTW was investigated in the industrial washing 

processes at different processing stages for fresh-cut endive L. after continuous storage times. 

Additionally, the effects of PTW were compared with the antimicrobial effects of ClO2, a 

commonly used disinfectant in the food industry. Also in this study, it could be shown that our 

PTW has no negative influence on texture, color, cell organelles and structure (see suppl. 3.6). 

In contrast, ClO2 treatment showed a negative influence against the thylakoid stacks of the 

leaves, which have an important function in photosynthesis. Even if the harvested lettuce didn`t 

need photosynthesis anymore it was still living tissue and could have a negative influence on 

the leaves during storing. In fact, ClO2 treatment has a negative effect on endive L. after 6 days 

of storage. However, PTW treatment also showed negative tendencies at this storage period, 
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but not until day five (see suppl. 3.6). However, compared to the controls, the PTW treatment 

shows an extended shelf life. Studies with different fresh-cut vegetables showed the same 

positive effects of PTW treatment on the shelf life of the products [200-202]. These new 

findings provided an excellent basis, especially with regard to the licensing of the upscaled 

plasma-sources for novel food and fresh-cut produce. 

 Requirements for new applications in the food industry in 
terms of innovation, sustainability and productivity with a 
critical view to current problems 

Bacterial biofilms are an increasing problem for the food industry. The bacteria accumulated in 

the facilities came into contact with the food during processing and contaminated it. The 

consumption of these foods then caused the person to become ill. A frequently used material 

in the food industry is stainless steel due to the fact that it is easy to clean, chemically and 

physiologically inert at various temperatures and pH values [203]. Looking at stainless steel 

microscopically, a lot of cavities and cracks were visible in which bacteria could settle and 

biofilms could grew [204]. L. monocytogenes also use these niches in the material to form 

biofilms. Floor drains made of stainless steel in food processing facilities have been shown to 

harbour L. monocytogenes biofilms, which were not irreversibly attached to these surfaces 

[205, 206]. In further investigations it could be shown that the sedimentation period of aerosols 

of L. monocytogenes was up to 210 min [207]. The mechanism of contamination was postulated 

by these results in such a way that the flooding of the floor drains during the cleaning processes 

produces aerosols containing these reversibly attached L. monocytogenes cells. These could 

therefore also contaminate food processing systems that were not in close proximity to the 

floor drains [207]. Even a single cell of L. monocytogenes could be sufficient to form a complete 

biofilm on these surfaces upon contact [208]. 

But contamination in the opposite direction was also quite possible. It has been shown 

that bacteria that occurred naturally on food products were able to attach themselves to 

stainless steel and form biofilms on it [209]. Thus, the attachment of P. fluorescens to muscle 

fibres of beef could be demonstrated. In addition, it could be shown that this was not due to 

electrostatic or hydrophobic interactions, rather than specific attachment sites on the collagen 

and proteoglycans of the meat tendon [210]. However, L. monocytogenes does not appeared 

to be a primary EPS-producer and seems to occurred primarily in combination with primary 

EPS-producers such as Pseudomonads in biofilms. This could be explained by a cross-linking of 
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Listeria with the EPS produced by the Pseudomonads [187]. 

In contrast to classical biofilms, which usually required a growth period of several weeks, 

biofilms in the food industry did not have this privilege of time to grew due to the high hygiene 

standards and disinfection procedures [204]. A study that surveyed up to 62 different dairy 

companies over a period of 2 years concluded that Listeria on these plants were most 

frequently isolated from conveyors, pallatizers, floor drains  and pooled liquid on floors [206]. 

The food industry was subjected to rigorous hygiene and cleaning standards, which utilizes 

cleansing agents and sanitizers in their disinfection process. These include various chemicals 

that dissolved proteins, saponified fats and oils, as well as chelating complexes that remove 

deposited minerals and acids [211, 212]. 

In the United States, sanitizers must comply with AOAC Official Methods of Analysis 4.020 

through 4032. These products must be capable of reducing a S. aureus ATCC 6538 and 

E. coli ATCC 11229 population by 99.999% within 30 s treatment time [213]. The term 

disinfectant is used in the U.S., when a substance kills pathogenic microorganisms that are 

associated with objects or materials, to the extent that they are no longer capable of causing 

diseases [214]. In Europe, sanitizers must be considered as biocides and have to be approved 

before being placed on the market in the EU (according to Biocidal Products Regulation (EU) 

No. 528/2012). The Biocidal Products Regulation (BPR) introduces the possibility to have certain 

biocidal products authorised at Union level. If a disinfectant is required to have this EU 

approval, it must complete an intensive test before it can be approved. The disinfectants were 

divided into 5 different groups by the EU. The toughest requirements apply to group PT 1, which 

was intended for use on the human skin or scalp. The others were application-related approvals 

such as PT 2 for surface disinfection or waste and waste water. PT 3 were disinfectants in the 

veterinary field, PT 4 in the food sector and PT 5 in the drinking water sector. In the approval 

procedure, the actual active substance in the disinfectant was first examined, then the entire 

product [215]. The use of PTW in the food industry focuses on PT 2 or PT4 applications. 

A major problem in the food industry is the enormous water consumption. In Great 

Britain, the manufacturing sector in the food and beverage industry is the second largest 

consumer of water after the hospitality and food service sector with 125.5 million m³/a [216]. 

In total, this sector accounts for 8-15% of total industrial water [217]. One of the main 

consumers of water in the food industry is the processing companies of fresh-cut fruits and 

vegetables [217]. Due to the increasing demand for fresh-cut fruit and vegetable products [218, 
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219], it is therefore of particular interest to reduce water consumption in this area. This results 

in an estimated water consumption in this industry of 2.4-11 m³/t per product and an 

accumulation of wastewater of 11-23 m³/t per product [217]. In the processing of fresh-cut 

produce, water is required in a number of processing steps, including washing, peeling and 

pitting, coring, size reduction, sorting, conveying and sanitizing [220]. However, up to 70 % of 

the water consumption is used for washing and sanitation operations. The PTW approach 

therefore focuses on these two main areas. 

On the one hand, the aim is to eradicate and remove the natural contamination of fresh-

cut produce in the washing process and on the other hand to employ this PTW washing water 

for reuse or for sanitation processes within the production facilities. In the best case, the PTW 

could completely remove microorganisms from the contamination of the washing and cleaning 

water. A further reconcentration of the PTW by a plasma source at various times will probably 

be necessary to keep the antimicrobial effects of the PTW. However, the duration of the 

applicability of PTW as reliable washing and sanitation water in these production facilities 

hasn’t been investigated so far. The results of such investigations will be decisive in determining 

whether the PTW or PPA system has an economic benefit in the food industry. Nonetheless, a 

pilot-scale project has already been carried out with a company that produces fresh-cut lettuce. 

In this trial, PTW was continuously produced using a microwave-induced plasma source and 

used for the washing processes of fresh-cut produce. Very promising results in the reduction 

of bacterial contamination were demonstrated. This was the first and most important step for 

the approval of such a ground breaking technique. The next step is to specify and increase the 

productivity also in order to reduce the wastewater production [60, 101, 102]. Up to now, the 

treatment processes for wastewater from the food industry have been very complex and costly 

in economic terms. A new innovative process in this area is therefore urgently needed. 

 Discussion and outlook 

The here presented results were contributed to a better understanding of the molecular basis 

of the antimicrobial effect of PGCs. In addition to introducing the MidiPLexc as a new variant of 

a microwave-induced plasma source on a laboratory scale, optimal process parameters for this 

plasma source were identified. Extensive investigation of the antimicrobial properties of PTW 

produced by the MidiPLexc against P. fluorescens and L. monocytogenes as food industry model 

organisms in the form of planktonic cultures, mono- and multispecies biofilms also identified 

the reactive species crucial for these effects. Mechanistically, it could be shown that PTW 
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treatment leads to the removal of biofilm mass on the one hand and to the destruction of the 

ECM of the biofilm and fragmentation of the cell wall of the biofilm cells on the other hand. 

Furthermore, these invasive effects were shown to alter the hydrophilicity of the biofilm 

surfaces and thus the physical-chemical properties of the biofilm. What remained was a firmer 

but killed biofilm mass after PTW treatment, which could be removed by further mechanical 

processes such as flushing and brushing processes within the industry. Analogous to the basic 

research experiments, the chemical composition of the PTW of the scaled up plasma sources 

could also be identified, and the effect of PTW on fresh-cut products such as lettuce in terms 

of its sensory properties like color and texture could be investigated and demonstrated. 

However, as in most scientific research, new questions and areas have arisen as the 

research and findings progressed, which will require further investigations in the future. In the 

main area of PTW chemistry, a fourth, to this point unknown molecule has been separated from 

the ion chromatographic peak of nitrate and could not be clearly identified. Only hints could be 

found that this molecule could be ONOO-. This required a more intensive analysis which would 

have gone beyond the scope of this doctoral thesis. A decisive approach would be the synthetic 

production of ONOO- into a temporarily stable state. If a defined concentration of ONOO- could 

be synthesized, this could be used as a standard for ion chromatography to confirm that the 

peak can be considered ONOO- and to calculate the concentration of the ONOO- peak. As 

several studies have already shown a strong antimicrobial effect of ONOO-, it could be of crucial 

importance to prove the existence of ONOO- in the PTW of the MidiPLexc and thus completely 

identify the existing molecules in the PTW.  

With the chronological progression of the antimicrobial mode of action of PTW against 

planktonic cultures of P. fluorescens and L. monocytogenes, up to monospecies biofilms of 

these bacteria and a multispecies biofilm model, consistent data was obtained and the 

individual models could be well compared. In addition, the establishment of a biofilm flow-

through model was an important bridge to actual biofilm issues in the fields of industry and 

medicine. This flow-through model was already established during this thesis and successfully 

adapted and tested for P. fluorescens biofilms (Figure 10). Since the proteome analysis of the 

bacteria after PTW treatment was only established in a very advanced stage of this thesis, there 

are no evaluable results to date. 

In the course of this work, more intensive investigations were also carried out concerning 

the mechanisms of the antimicrobial action of PTW. Some evidence was found that the PTW 
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contributes to the destruction of the ECM of the biofilms and thereby changes the biophysical 

properties of the biofilms, such as the hydrophobicity of the biofilm surface. 

For the industry, the most important question in terms of cost/benefit factors are 

certainly whether synthetically produced equivalents to PTW could be produced, which have 

the same antimicrobial effect. If this was possible and the production of these equivalents also 

was cheaper, this would certainly be a clear handicap for PGCs regarding there establishment 

in industrial processes within the food industry. Since the components within the PTW and their 

concentrations according to defined processes could be quantified in this work, it is possible to 

chemically synthesize the individual components and to study their antimicrobial effect against 

the bacterial systems already investigated in this work. This would allow a direct comparison of 

the effect and at the same time contributes decisively to answering the question, which 

component is decisive for the antimicrobial effects of PTW or whether only a mixture of these 

components unfolds comparable antimicrobial effects. Chemically, HNO3 could be used as 

nitrate equivalent and nitrous acid (HNO2) as nitrite equivalent. H2O2 could be used directly in 

these concentrations and also ONOO-, if the synthesis was successful. Finally, in case of 

different results of the PTW effects compared to synthetically produced equivalents, the 

question of the effect of additional contributing factors such as pH value, temperature, type of 

production as well as UV radiation or electrical magnetic factors must be asked. 

Figure 10: The schematic illustration of the flow system is a more advanced method of the interactive 
treatment of bacterial biofilms with freshly produced PTW. A: 2 l glass bottle filled with BHI medium 
which can be replaced by freshly produced PTW. B: tube pump which conveys the medium/PTW 
through the system at a speed of 25ml/h. C: Bubble trap which is a part of a medical infusion system 
and serves to eliminate bubbles and as a barrier to contamination of the medium bottle by the 
bacteria. D: Tube clamps which block the flow system at the segments indicated by arrows during the 
injection of the bacteria or the harvesting of the biofilm. E: 1 m long silicone tube where the biofilm 
is grown inside. F: waste bottle. 
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Abstract
Plasma -generated compounds conceived by microwave -induced plasma (MidiPLexc) were
physicochemically investigated in their molecular compositions. Therefore, plasma -treated
water (PTW) was generated by treatment with the MidiPLexc within a 1 l glass bottle for a
pre -treatment time of 100 s, 300 s and 900 s. The PTW was further investigated in its
composition of reactive oxygen/nitrogen species. For this purpose, the hydrogen peroxide
(H2O2) concentration of the PTW was determined electrochemically using chronoamperometry,
and the anionic components were determined using ion chromatography. As a result, H2O2

concentrations of up to 720 mg l−1, nitrite concentrations of 1600 mg l−1 and nitrate
concentrations of 72.3 mg l−1 could be detected after 900 s pre-treatment time of the water. The
compounds obtained by ion chromatography were fractionated and subsequently confirmed by
mass spectrometry. Once an overview of the chemical composition of PTW had been obtained,
its effects on pathogens like Pseudomonas fluorescens and L. monocytogenes, which are both of
particular importance as pathogenic contaminants during food production, were tested. In that
process, a maximum reduction in the colony forming units of 4 log10 steps for P. fluorescens and
3 log10 steps for L. monocytogenes could be observed. The LIVE/DEAD assay showed a
maximum reduction in the ratio G/R of 67% for P. fluorescens and 38% for L. monocytogenes.
In addition, the XTT assay results showed a maximum cell metabolism reduction of 96% for P.
fluorescens and 91% for L. monocytogenes.
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1. Introduction

The application of non-thermal plasmas (NTP) for decontam-
ination processes remains a great challenge in science and
industry (Ehlbeck et al 2008, Mir et al 2016). In NTPs, the
energy is mainly transferred to the free electrons, which results
in partial ionization of the gas and low temperature (Scholtz
et al 2015). The environmental factors and operational para-
meters as well as the type of plasma source are decisive for
the antimicrobial effect of the plasma. The plasma treatment
of microbial communities, i.e. present in surface -associated
biofilms, often differs in treatment time and the distance from
the treated surface to the electrode system or the active plasma
zone for plasma sources without electrode systems, but para-
meters from the plasma source itself are also important. The
feeding gas of the plasma source and the gas flow are also
relevant for the plasma chemistry (Bartis et al 2016, Sarinont
et al 2016).

For the investigation of antimicrobial effects, a distinction
between direct and indirect treatments has to be made. With
direct treatments, the surface, e.g. a microbial biofilm, is either
in direct contact with the plasma effluent or the plasma efflu-
ent is applied across the biofilm at a short distance (Han-
dorf et al 2018). In contrast to this, with indirect treatments,
water or air can be treated with the plasma source and the
pathogen can afterwards be treated with the plasma -generated
compounds (PGCs), e.g. plasma-treated water (PTW) or the
plasma-processed air (PPA) (Schnabel et al 2015, 2018). Not
much is currently known about the antimicrobial chemical
components in PTW or PPA. Additionally, in this case it
depends on the type of plasma source as to which chemical
components are introduced into the medium. The effects of
plasma are induced by various factors, including UV radi-
ation and charged particles as well as temperature and electric
fields (Sysolyatina et al 2014). When air is used as a working
gas and under atmospheric conditions, reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS) play a cru-
cial role. In particular, the reactive species have been described
as the most important factors for the antimicrobial activity of
plasma (Laroussi 2002, Lackmann et al 2013). In addition, UV
radiation plays an important role in the antimicrobial effect of
plasma (Dobrynin et al 2009). However, this factor is omitted
in treatment with PTW or PPA, because the plasma could not
interact directly with the pathogens and the UV radiation is not
retained in water or air.

Reactive oxygen/nitrogen species (RONS) include super-
oxide anions (O2

-), hydrogen peroxide (H2O2), ozone (O3)
and hydroxyl radicals (OH-) for the ROS (Schieber and
Chandel 2014) and various reaction products of nitrogen,
including nitric oxide (NO), nitrogen dioxide (NO2), nitrite

(NO2
-), nitrate (NO3

-), nitrogen trioxide (N2O3), the dimer
of the nitrogen dioxide called dinitrogen tetroxide (N2O4),
S-nitrosothiols, peroxynitrites (OONO-) and dinitrosyl-iron
complexes in biological systems for the RNS (Nathan and
Shiloh 2000). Higher molecular RNS like dinitrogen pentox-
ide (N2O5) decompose into NO2 + O2 with a half-life of 10 h
at room temperature. It can therefore be present in PTW and
could serve as a supplier of nitrite. The prerequisites in the
plasma are theoretically given, if NO2, which is present in the
gas phase as a dimer (N2O4), combines with ozone (Brauer
1965).

The concentration -dependent biomolecular mechanisms of
RONS are based on the oxidation of proteins and lipids in the
cells. While low concentrations lead to the induction of RONS-
dependent cell signaling pathways, high concentrations lead
to cytotoxicity and apoptosis (Davalli et al 2016). Therefore,
NTP has already been successfully used in medicine to stimu-
late wound healing in chronic wounds (Sen 2009).

The reason for the high reactivity of ROS can be found in
its kinetics. Charged gas radicals are subjected to a so-called
‘one electron reaction’, which is much faster than more com-
plex reactions (Kluge et al 2016). This enables ROS to oxid-
ize even relatively inert substances as well as induce DNA
damage (Florence 1995, Stadtman 2006). Eukaryotic cells
have protective mechanisms to degrade RONS up to a cer-
tain concentration. Various proteins, such as peroxyredox-
ins (Prx), thioredoxins (Trx) and glutharedoxins (Grx), are
used to remove radicals such as H2O2 (Chae et al 1999),
but also peroxynitrite anions (ONOO-) and hydrogen-sulphide
(H2S) (Poole 2004). Sulphenic acids (R-SOH), which are pro-
duced if plasma-generated RONS react with cysteine residues
of proteins in a biological system, can be further oxidized
to sulphinic acids (R-S (=O) OH) or sulphonic acids (R-
SO2O-R) (Kettenhofen and Wood 2010, Gupta and Carroll
2014). Sulphenic acids can be reduced by Prx and  sulforedoxin
(Srx). However, if sulphinic or sulphonic acids are formed,
this is an irreversible process (Perkins et al 2014). The cel-
lular defense strategies are thus quite limited. Several stud-
ies have shown that  gram-negative bacteria are more resist-
ant to plasma treatments than  gram-positive bacteria, sug-
gesting that the antimicrobial plasma activity depends on the
cellular envelope (Ermolaeva et al 2011). However, other
studies have shown a contrary effect. This might be due to
the acidification of liquids during plasma treatments (Oehmi-
gen et al 2010, 2011a). Notably, not much is known about
the mechanism of the antimicrobial action of RNS. Only
a few studies have shown antimicrobial properties of pure
RNS-containing gas without ROS (Schnabel et al 2014).
However, the underlying molecular mechanisms are still
unknown.
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L. monocytogenes is a  gram-positive bacterium and one of
the most dangerous food pathogens causing listeriosis due to
its ability to grow at low temperatures and to survive in food
production plants (Gandhi and Chikindas 2007). In particu-
lar, products from the diary, fish and meat industry are there-
fore designated as high-risk products, and have been related to
the outbreak of various listerioses in many different countries
(Miettinen et al 1999, Heiman et al 2016, EFSA and ECDC
2017, Buchanan et al 2018).

The  gram-negative bacterium Pseudomonas fluorescens is
a well-known food-spoiling microorganism in the milk and
dairy industry, as well as in the meat industry (Dogan and
Boor 2003, Wang et al 2018). P. fluorescens is sometimes
also associated with acute opportunistic infections in immuno-
compromi sed patients, and has been isolated as a causative
agent of nosocomial infections over the last few years (Don-
narumma et al 2010, Scales et al 2014). In this study the
effect of the PTW produced by the microwave-induced plasma
source MidiPLexc on L. monocytogenes and P. fluorescens
monospecies suspension cultures was investigated by chem-
ical and biological assays.

2. Experimental

2.1. Plasma source

The MidiPLexc, a further development of the MiniMIP (Baeva
et al 2012), a microwave-driven plasma torch, has been used
for generating the PTW (figure 1). In contrast to the Min-
iMIP, this plasma source could be operated with compressed
air (drew point 3 ◦C) instead of argon gas. In addition, it is
possible to treat different amounts of liquids directly with the
microwave-induced plasma effluent because of the integrated
bottle adapter. Thus, PTW could be produced, which can be
used for further antimicrobial applications. This work there-
fore shows the first microbial data for the MidiPLexc. The
MidiPLexc was operated with compressed air as the working
gas and a forward power of 80 W and a reverse power of 20 W.
After 30 min running time to ensure a stable gas flow and efflu-
ent, the production of the PTW was started (1.3).

2.2. Adjustment of the optimal treatment range

 To find the optimum range for plasma treatment, various gas
flows and water volumes during plasma treatment have been
investigated with regard to the pH value achieved. An optimal
setting was reached if the pH value was very low. For this
reason, an amount of 2 ml deionized water (DW) was treated
with different gas flows of 1 standard liter per minute (slm),
3 slm and 5 slm of compressed air. After the optimal gas
flow could be selected due to the reached pH values, differ-
ent amounts of 2 ml, 10 ml and 100 ml DW were treated with
this setting.

2.3. Production of the PTW by the MidiPLexc

For the production of PTW, 10 ml DW was added to a 1 l
glass bottle, which was connected to the bottle adapter of

the MidiPLexc and treated for the respective pre-treatment
time. For the chemical investigations, pre-treatment times of
15 s, 25 s, 50 s, 100 s, 200 s, 300 s, 600 s and 900 s have
been used. Each pre-treatment time was performed in fivefold
repetition per experimental day. For the biological investig-
ations three different pre-treatment times (plasma gas-water
contact time) (100 s, 300 s, 900 s) were used and three differ-
ent post-treatment times (PTW—suspension culture contact
time) (1 min, 3 min, 5 min) were used for each pre-treatment
time. Each post-treatment time for a suspension culture was
performed in threefold repetition per experimental day. Each
test was performed on four different experimental days. This
yielded n = 12 for each post-treatment time.

2.4. Temperature measurements of the PTW

First, the plasma source was ignited and left in operation for
30 min to avoid disturbances in the plasma generation because
of residual moisture in the gas connections and to ensure
stable operation conditions. For the temperature measure-
ments, 10 ml DW was used, because this was the minimum
volume required for the biological experiments. A temperat-
ure measuring instrument Testo-735-2 (Testo, Lenzkirch, Ger-
many) with thermoelement type K (Testo, Lenzkirch, Ger-
many) was led into the bottle via the pressure equalizer of the
MidiPLexc and brought into contact with the DW. In the first
experimental setup the water + plasma and water w/o plasma
were measured. With an ignited plasma source, the temperat-
ure of the DW was recorded at an interval of 3 s per meas-
urement point for a treatment time of 900 s, representing the
longest pre-treatment time which was used in the experiments.
For the measurements of gas+ plasma and gas w/o plasma, the
sensor was placed directly at the outlet of the plasma source,
and the temperature of the gas flow was measured as well as the
temperature directly in the effluent at the outlet of the plasma
source.

2.5. Manganometry of H2O2

The concentration of a commercially aquired H2O2 solution
(Merck, Darmstadt, Germany) has been determined by man-
ganometry. A 0.02 M potassium permanganate solution (App-
lichem, Darmstadt, Germany) was used for the titration. The
H2O2 solution was diluted 1:100 with DW. Afterwards, 1 ml of
this dilution was transferred to an acid milieu with 10 ml DW
as well as 10 ml of a 40% sulphuric acid (Roth, Karlsruhe, Ger-
many). The titration solution was added to the diluted H2O2

solution droplet-wise and under constant shaking until a pink
colour change could be permanently detected. The titration
reaction is based on the following chemical reaction (Jander
et al 1989):

2MnO -
4 + 5H2O2 + 6H + → 2Mn2 + + 5O2 + 8H2O.

The volume of potassium permanganate consumption was
validated and the concentration of the H2O2 solution was
determined using the equation (Jander et al 1989):

1mlMnO -
4 = 1,701mgH2O2.
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Figure 1. A schematic illustration of the MidiPLexc. (Left) A schematic illustration of the MidiPLexc with 1 l glass bottle attached to the
bottle adapter of the plasma source. (Right) A schematic illustration of the MidiPLexc and the bottle adapter from below with illustration of
the plasma effluent.

For the required H2O2 standard solution, which should be
measured as a control value, a 0.1 g l−1 standard solution was
prepared based on the titration of the commercially acquired
H2O2 solution.

2.6. Chronoamperometric determination of H2O2

For the H2O2 measurements, a screen-printed electrode (Drop-
Sens, Llanera, Spain) with a surface made of Prussian
blue/glassy carbon was used. A cyclic voltammogram in the
range of −0.4–1.1 V was performed to verify and check the
functionality of the chip electrode. If the cyclic voltammogram
showed the typical pattern of the redox reaction at the chip
electrode, the measurement could be started. It was integrated
into a flow system, where the running buffer (phosphate buf-
fered saline (PBS), according to Sörensen, pH corrected with
3M KCl, pH 4.6) was continuously pumped over the chip
electrode at a rotational speed of 16 U min−1. For correct
measurements of the chip electrode it is essential that the pH
value of the buffer is below 7, because in an alkaline envir-
onment H2O2 decomposes rapidly (Garjonyte and Malinaus-
kas 1999). An Autolab PGSTAT101 (Metrohm, Filderstadt,
Germany) was used to transmit the measured potentials to
the Nova 1.10 (Metrohm, Filderstadt, Germany) software for
evaluation (see supplementary figure 1, available online at
(stacks.iop.org/JPhysD/53/305204/mmedia)). First, the PTW
was produced with the plasma device (1.3). Afterwards, 500µl
of the sample was injected into the flow system via a dispenser
and was measured in real time.  To verify the specificity of the
reaction by H2O2, a solution was treated with catalase before
measurement and compared with the other measured value to
show a specific reaction of H2O2 with the die electrode sur-
face. For the catalase measurements, 10 mg catalase (2000–
5000 Units/mg, Sigma Aldrich, St. Louis, USA) was dissolved
in 10 ml running buffer. This solution has also been used as a

catalase blank. This enzyme solution of 100 µl was added to
each 500 µl sample and incubated for 60 min at 37 ◦C. After
the incubation time, the solution was injected into the system
using the dispenser and was analyzed.

2.7. Analytical determination by ion chromatography

Immediately after preparation, the chemical reactions in
the PTW were interrupted by adding 100 mM NaOH in a
ratio of 1:10. The molecules were determined by ion chro-
matography (IC). IC was performed on a Professional IC 850
instrument (Metrohm, Filderstadt, Germany). A Sample Cen-
ter 889 IC set to a constant temperature of 4 ◦C was used. The
volume of the injection loop was 20 µl. A Metrosep A Supp.
5-150/4.0 with a guard column (Metrohm, Filderstadt, Ger-
many) was used for separation. As the eluent, 3.2 mmol l−1

of Na2CO3/2 mmol l−1 NaHCO3 with 10% acetonitrile was
used and the flow rate was 0.7 ml min−1. The column tem-
perature was 20 ◦C. The IC was equipped with a conductivity
detector and a scanning UV detector. The UV detector oper-
ates at 220 nm and 305 nm. The identification of the different
fractions was carried out using commercially acquired stand-
ards for nitrate and nitrite in the range of 10–100 mg l−1. Based
on the measured standards, calibration curves could be created
which made it possible to calculate the concentrations of the
individual fractions. All experiments were repeated five times,
n = 5.

2.8. Mass spectrometry

Samples were analyzed on a TripleTOF 5600 system with a
DuoSpray ion source (both Sciex) running in negative mode
acquiring in the range of 30 to 200 m z−1. Samples were
diluted 1:100 in MeOH + 0.1% NH3, and were directly
injected using a syringe pump running at 10 µl min1. Source
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parameters were individually optimized to achieve maximum
total ion current and were as follows: −4.5 kV floating ioniz-
ation potential, 20 psi curtain gas, 25 psi gas1 and 2 psi gas
2, declustering potential of 30 kV. For MS1 scans, a collision
energy of −10 eV was used, and for MS/MS structure elucida-
tion, −30 eV were applied. Samples were measured for 1 min
and integrated in PeakView 1.2 (Sciex) to cope with slight
changes in ionization efficacy during measurements. After-
wards, peak tables were exported and plotted in OriginPro
2018 (OriginLab).

2.9. Bacterial strains and growth conditions

For the suspension cultures L. monocytogenes, strain ATCC
15 313, and P. fluorescens, strain ATCC 13 525, have been
used. Both are well -researched strains and also relevant to the
food industry, for which the use of the MidiPLexc is planned.
A colony was removed from the plate with an inoculation loop
and resuspended in 50 ml brain heart infusion (BHI) broth and
incubated 24 h at 30 ◦C without shaking. The next day, the
cells had reached their stationary phase and a suspension of
the microorganisms in PBS (pH 7.2, according to Sörensen)
was adjusted to an optical density (OD) at 600 nm of 0.100 for
the L. monocytogenes cultures and of 0.050 for the P. fluores-
cens cultures. The OD was measured for both pathogens with
the same path length in 10 mm diameter polystyrene cuvettes
in a UV-3100PC  spectrophotometer (VWR, Darmstadt, Ger-
many). The PTW treatment was started immediately after the
dilution step.

2.10. PTW treatment of L. monocytogenes and P. fluorescens
monospecies suspension cultures

One milliliter of each suspension was mixed 1:1 with the PTW
produced by the MidiPLexc 30 min after preparation of the
PTW and was treated for the different post-treatment times of
1 min, 3 min and 5 min. Afterwards, the biochemical reactions
were interrupted with the addition of 8 ml PBS and gentle mix-
ing. These solutions were used for further experiments.

2.11. Determination of the colony forming units of the
suspension cultures after PTW treatment

To determine the colony forming units (CFU) after PTW treat-
ment, 100 µl was taken from the 10 ml specimen and a serial
dilution was performed. This has been done by diluting the
specimen after plasma treatment 1:10 with maximum recov-
ery diluent (MRD; 0.85% NaCl, 1% tryptone). The controls of
the 900 s pre-treatment time were finally diluted 1:10 000 and
the samples 1:1000. The 100 s and 300 s pre-treatment times
were finally diluted 1:10 000. Each dilution step was plated
on BHI agar by pipetting 10 µl per dilution onto the plate and
was spread out by using the tilting technique. The plates were
incubated for 24 h at 30 ◦C. The colonies for the respective
dilution levels were counted, and the CFU/ml values were cal-
culated as follows:

CFU=
10x

v
∗
∑cy +

∑cy+1

ny+ 0,1ny+1

where 10x is the dilution factor for the lowest dilution, v is
the volume of diluted cell suspension per plate in ml,

∑
cy is

the total number of colonies on all (ny) plates of the lowest
evaluated dilution level, 10-x, and

∑
cy+1 is the total number of

colonies on all (ny+1) plates of the next-highest dilution level
evaluated, 10-(x+1) (Bast 2001). For the final illustration of the
data points, the weighted mean value of the total population
has been used with the formula:

x̃=

∑n
i=1 pixi∑
i pi

.

The weight pi is calculated according to the following formula:

pi = k ∗ 1/σ2
i

 where k = arbitrary constant (Wallhäuser 1995). This ensures
that the weight of the mean values were not included in the cal-
culation as values. The weighted mean value has the advant-
age, compared to the arithmetic mean value, that it is more
resistant to aberrations (Gränicher 1994).

The propagation of error has been calculated for each
treatment group. This finally resulted in four different error
propagations for each treatment time from which the weighted
errors were calculated and used as error bars in the illustrations
(Gränicher 1994). The experiments were repeated fourfold
with n = 3, which finally resulted in n = 12.

2.12. Fluorescence LIVE/DEAD assay

The LIVE/DEAD BacLight™ Bacterial Viability Kit (Thermo
Scientific, Waltham, USA) was prepared according to the
manual. Finally, 0.9 µl of the mixture was added to 300 µl
of the specimen followed by incubation on a rotary shaker
in the dark at room temperature for 20 min. A fluor-
escence microplate-reader (Varioskan-Flash®, Thermo Sci-
entific, Waltham, USA) was used to determine the fluores-
cence of each well of a 96-well plate with an excitation
wavelength of 470 nm and emission wavelength of 530 nm or
630 nm for green (G) and red (R) fluorescence. Conclusively,
a ratio G/R was calculated by dividing the intensity value of
red fluorescence by the value of green fluorescence. The ratio
G/R values of the controls and samples were expressed as a
percentage in relation to each other and graphically displayed
using Origin.

2.13. XTT assay

A colorimetric assay has been used to determine the cell viab-
ility after plasma treatment (XTT Cell Proliferation Assay
Kit, Applichem, St. Louis, USA). Therefore, the XTT assay
revealed the cell viability as a function of the redox poten-
tial, which arises from a trans-plasma membrane electron
transport (Scudiero et al 1988). N-methyl-dibenzopyrazine-
methylsulfate (PMS) was used as an intermediate electron car-
rier, which in turn serves as an activator of the intended reac-
tion. This XTT solution was mixed 1:50. For every well, these
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mixtures were added at a ratio of 1:3 to the specimen. The 96-
well plate was incubated at 37 ◦C with continuous horizontal
shaking (80 rpm) in the dark for 20–24 h. After the incubation
time, 96-well plates were scanned at a wavelength of 470 nm
using the Varioskan-Flash® device. The obtained values were
blank-corrected using the XTT and activation solution mix
without sample scanned at a wavelength of 670 nm. The exper-
iments were repeated fourfold with n = 6. The absorption val-
ues of the controls and samples were expressed as a percentage
in relation to each other and graphically displayed.

3. Results

3.1. Treatment optimization

At the beginning, different gas flows were tested concerning
the effect on the pH value of the PTW. It turned out that a
lower gas flow leads to a stronger decrease in the pH value
(figure 2(A)). Subsequently, different amounts of DW were
treated with the gas flow of 1 slm (figure 2(B)). For the treat-
ment of the biofilms with the PTW, 2 ml were not sufficient,
therefore, 10 ml of PTW were used in further experiments.

3.2. Temperature variation of the water during the plasma
treatment

During the treatment time of the DW with the MidiPLexc,
there was a slow increase with temporary small drops in
temperature. Its difference during a treatment time of 900 s
reached 3.1 ◦C at maximum (figure 3). No increase in tem-
perature could be detected in the measurements of the water
without plasma ignition and also in those flow without plasma
ignition (figure 3). In comparison, high temperatures occured
directly in the effluent at the outlet of the plasma source. Dur-
ing the measurement there was a continuous decrease in tem-
perature. In total, the temperature in the effluent decreases
from 615 ◦C to 555 ◦C during 900 s (figure 3).

3.3. Determination of H2O2 concentration in PTW

Titration of the commercially acquired H2O2 solution resul-
ted in a concentration of 34.3035% m v−1. Based on this con-
centration, the stock solution was diluted to a final concentra-
tion of 0.1 g l−1 and subsequently verified by manganomet-
ric titration. On the basis of the titration, a concentration of
0,108 864 g l−1 could be calculated for the prepared stand-
ard. For the further calculations of the H2O2 concentrations of
the PTW, the value determined by manganometry was used.
The cyclic voltammogram showed the typical pattern for Prus-
sian blue/carbon chip electrodes (supplementary figure 2). The
measurements of the DW showed only curves in the area of
the baseline which could be neglected. The 0.1 g l−1 stand-
ard and PTW samples showed pronounced curves which had
been measured five times in total and whose values were then
averaged (figure 4). The measured currents were compared to
the standard, and thus the H2O2 concentrations in the differ-
ent PTW samples were calculated (table 1). To prove that the
measured currents are a result of the reactions of H2O2, the
samples were treated with catalase and the decrease in the

Figure 2. Measurements of the achieved pH values at different gas
flows and treated water volumes. (A) A line-diagram of the reached
pH values of the PTW after different treatment times at different gas
flows. (B) B line-diagram of the reached pH values after different
treatment times at different water volumes.

H2O2 concentration after the treatment was measured (figure
5). The enzyme solution consisting of catalase + running buf-
fer and the DW were also measured in order to rule out inherent
reactions (supplementary figure 3). During the measurements,
only curves in the baseline area could be measured, which is
why the enzyme could be neglected as a source of error.

3.4. Separation of the ionic components of the PTW

The separation of the ionic components of the PTW using
acetonitrile revealed three clearly separated fractions (figure
6). The nitrate and nitrite standards could be used to identify
2/3 of the fractions. The first fraction with a retention time of
6.8 min could thus be identified as a nitrite fraction. The very
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Figure 3. Temperature measurement during the treatment of 10 ml DW. A line-diagram of the temperature measurement during the
treatment of 10 ml DW with the MidiPLexc, measured with a Testo-735-2 thermocouple type K. The red line shows the temperature of the
water during the treatment with the gas flow without ignition of the plasma. The blue line shows the temperature of the compressed air gas
flow without ignition of the plasma. The black line shows the temperature of the water during the treatment with the plasma, and the green
line shows the temperature of the effluent at the outlet of the plasma source during the treatment.

Table 1. The concentrations of H2O2 for the different pre-treatment
times.

pre-treatment time (s) 100 300 900
concentration (g l-1) 0,0775 0,2979 0,7173
concentration (% m/v) 0,00775 0,02979 0,07173
concentration (mmol l-1) 2,28 8,76 21,1

small fraction at a retention time of 9 min could be assigned
to the nitrate. The largest fraction at a retention time of 8 min
is an unknown fraction (figure 6). There was no separation of
the unknown peak in acetonitrile-free buffer detectable.

3.5. Quantification of key components of the PTW

With the aid of the commercially acquired nitrate and nitrite
standards, the concentrations of these substances in PTW
could be calculated. Furthermore, the concentration of the
unknown fraction was calculated using the nitrate standard.
This made it possible to calculate kinetics for the respective
pre-treatment times over an incubation period of 3 h. Here,
it is noticeable that there is a continuous decrease in the
nitrite concentration over the period of 3 h (figure 7(A)). At
900 s pre-treatment time the nitrite concentration decreases
after 3 h by 573.42 mg l−1. This corresponds to a concen-
tration decrease of 35.82% of the starting concentration. In

contrast, there is a continuous increase in the nitrate concen-
tration and the concentration of the unknown fraction (figures
7(B)-(C)). The nitrate concentration increases slightly over a
period of 3 h. At 900 s pre-treatment time there is an increase
of 6.63 mg l−1, which corresponds to a percentage increase of
9.17% compared to the beginning concentration (figure 7(B)).
The unknown fraction goes up considerably faster. At 900 s
pre-treatment time over the incubation period of 3 h there is an
increase of 58.76 mg l−1, which corresponds to a percentage
increase of 26.17% compared to the beginning concentration.
(figure 7(C)).

3.6. Mass spectrometry of the PTW

The  mirrorplot showed the mass spectra of the control DW
(top) and the 900 s pre-treated PTW (bottom) (figure 8). The
illustrated chemical structures could be estimated based on the
mass count and the fragment sizes. The remaining structures
are so-called ‘unknown unknowns’, which cannot be further
determined due to their mass number and fragment sizes. In the
PTW, nitrous acid and nitric acid could be clearly proven by
the mass spectrum due to the fragment sizes and mass counts
and nitrate and nitrite as salts of these acids (figure 8). The
probability that the acids or salts occur in the PT was strongly
dependent on the pH value of the PTW and the pKs values of
the compounds.
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Figure 4. Chronoamperometry of the H2O2 standard and the PTW samples. Chronoamperometry of the H2O2 standard and the PTW
samples. The red line shows the chronoamperometric curve of a 0.1 g l−1 H2O2 standard verified by manganometry. The black, blue and
green lines show PTW treated with different pre-treatment times and their chronoamperometric profiles. Based on the peak areas, the H2O2

concentration could be calculated in relation to the standard. For each sample, the mean value was calculated from five different measured
values, n = 5.

3.7 Effect of PTW treatment on the proliferation ability (CFU)
of L. monocytogenes and P. fluorescens

Comparing the results of the proliferation assay of both patho-
gens with each other, it can be seen that if they are treated
with 100 s pre-treated PTW, regardless of the length of the
post-treatment time, there is no significant change in the pro-
liferation ability of the pathogens (figure 9). After 300 s pre-
treatment time, an effect on P. fluorescens could be observed
which amplifies with increasing post-treatment time (figure
9(A)). Within 5 min post-treatment time of P. fluorescens with
300 s pre-treated PTW, a reduction of 2.9 × 107 cells could be
observed. After treatment with 900 s pre-treated PTW, both
pathogens were affected and this increases with increasing
post-treatment times (figure 9). For P. fluorescens, a reduction
of cells could already be observed after 1 min post -treatment
time, and for L. monocytogenes after 5 min post-treatment time
(figure 9(B)).

3.8. Negative effects of PTW on the cell envelope of the
pathogens

In the LIVE/DEAD vitality assay, no significant effects were
observed for both pathogens after treatment with 100 s and

300 s pre-treated PTW (figure 10). In the case of P. fluor-
escens, 900 s pre-treated PTW showed an ascended reduc-
tion in vitality with increasing post-treatment time (figure
10(A)). After 5 min post-treatment time, the vitality of the cells
was reduced by approx. 77% (figure 10(A)). In comparison,
L. monocytogenes showed a tailing effect after 3 min post-
treatment time with a final reduction of approx. 39% (figure
10(B)).

3.9. Reduction of cell metabolism of the pathogens after
PTW treatment

The XTT assay was used to assess cell viability as a function of
redox potential. Actively respiring cells converted the water-
soluble XTT to a water-soluble, orange -colored formazan
product. The measured absorbance values of the controls and
treated samples were related in percentages and graphically
displayed. Even in the XTT assay, there are no significant
changes in cell metabolism detectable after 100 s and 300 s
pre-treatment with PTW (figure 11). Interestingly, there is a
rapid decrease in the metabolism of P. fluorescens at 900 s pre-
treatment time regardless of the length of the post-treatment
time (figure 11(A)). In contrast to this, L. monocytogenes also
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Figure 5. A bar chart of H2O2 concentrations of the different PTW
samples and their catalase-treated counterparts. A bar chart of the
H2O2 concentration of the different pre-treatment times of the PTW
in relation to the samples treated with 10 mg catalase (2000–5000
units/mg). The untreated samples were made in fivefold repetition.
Single measurements were used for catalase-treated samples.

Figure 6. A chromatogram of the PTW. A chromatogram at 220 nm
of 100 s pre-treated PTW after 3 h incubation stopped with 100 mM
NaOH. The diagram shows three clearly separated fractions. Using
the nitrate and nitrite standards the fraction could be identified as a
nitrite fraction at a retention time of 6.8 min and the fraction at
9 min as a nitrate fraction. In addition, a third fraction could be
identified at a retention time of 8 min.

shows a rapid decrease in the cell metabolism at 900 s pre-
treatment time, but there are also differences between the dif-
ferent post-treatment times (figure 11(B)).

4. Discussion

An important aspect, in order to control plasma processes
and to adapt them specifically to the respective fields of

application, is the investigation of plasma chemistry within
PGCs such as PTW or PPA. Even though there are already
several studies of the effects of plasma in wound treatment
(Bekeschus et al 2016, Kubinova et al 2017, Schmidt et al
2017), decontamination of surfaces or antimicrobial effects
(Scholtz et al 2015), the mechanisms leading to these effects
are often not yet fully understood. Therefore, it is of great
importance not only to show the effects of plasma treatment
but also to qualitatively investigate the mechanisms and quant-
itatively measure the molecules leading to these effects. An
intensive analysis of the plasma molecules in the plasma efflu-
ent as well as in PGCs such as PTW or PPA as a stand-
ard method, after the development of new plasma sources,
would be beneficial. This would give a detailed overview of
the involved molecules and, therefore, estimate the antimicro-
bial effects. Predictions have been made about the reactive spe-
cies, which could be expected on the basis of the physical para-
meters of the plasma source. Due to its higher power density,
the microwave -induced plasma used in this work has a higher
temperature compared to radiofrequency plasmas such as the
kINPen (Seo et al 2011, Baeva et al 2012). Consequently, RNS
rather than ROS can be assumed as the main acting compon-
ents for microwave plasmas, since the achieved temperatures
are too high for stable generation of O3 (Drost 1980). In PTW,
however, ROS can occur again. Here, the O2 molecules of the
water interact with the molecules of the plasma gas and can
form ROS (Draper and Crosby 1983, Locke and Shih 2011,
Viswanathan et al 2015). This in turn leads to a reoxidation of
the water by the plasma gas. Nevertheless, the H2O2 concen-
tration of 0.07173% after 900 s pre-treatment time, measured
in the PTW, is extremely low. Commonly, a 3% (882 mM) to
6% (1764 mM) solution is used for disinfection purposes in the
food production industry (Linley et al 2012). This result leads
to the assumption that H2O2 does not contribute significantly
to the antimicrobial effect of PTW.

The identification of the unknown fraction of IC is dif-
ficult. The physical chemical behavior of the fraction leads
to a strong assumption that this is peroxynitrite. Mass spec-
trometry analysis of the unknown IC fraction showed the
same mass count as nitrate. Furthermore, the commercially
acquired peroxynitrite standard showed a clear fraction at the
same retention time in the IC like the unknown fraction (data
not shown). However, the concentration calculation based on
these standards proved to be difficult because the standards are
always contaminated with nitrite and nitrate (probably already
degradation products), and the manufacturers cannot provide
accurate and reliable concentration information on the stand-
ards sold. The in-depth investigation of the unknown fraction
therefore requires further intensive investigations before reli-
able statements can be made. A further important aspect is the
investigation of the effect of the individual chemical compon-
ents on bacterial pathogens in order to prove synergistic effects
of the components or to identify a certain molecule as a decis-
ive factor for the antimicrobial effect of PTW.

The basic classification of bacteria  gram-positive and  gram-
negative species is ultimately based on the different struc-
ture of their cell envelope. Gram-negative bacteria have a
thin peptidoglycan layer (periplasm) embedded between the
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Figure 7. Concentration determination of the nitrate and nitrite fraction from the IC and the unknown fraction. (A) A line-diagram of the
nitrite concentration of the different pre-treatment times: 100 s (black line), 300 s (red line) and 900 s (blue line). (B) A line-diagram of the
nitrate concentration of the different pre-treatment times: 100 s (black line), 300 s (red line) and 900 s (blue line). (C) A line diagram of the
concentration of the unknown fraction of the different pre-treatment times: 100 s (black line), 300 s (red line) and 900 s (blue line). The
concentration of the unknown fraction was calculated using the nitrate standard, and can therefore only be assumed as a concentration. Due
to the lack of pure peroxynitrite standards, a calculation from these standards is not possible so far. All data points were calculated as mean
values from n = 5. The error points were calculated from the standard deviations.

Figure 8. Mass spectrometry of the PTW. The top part shows the mass spectrum of the control (DW). The lower part shows the mass
spectrum of the PTW after 900 s treatment of the water with the MidiPLexc. The chemical structure was added to the mass number for the
measurement of particularly important structures. Samples were measured in negative mode in the range of 30 to 200 m z−1 and diluted
1:100 in MeOH + 0.1% NH3.

inner plasma membrane and a lipid-rich outer membrane
in the so-called periplasm (Salton 1963, Beveridge 1981,
Koch 1998). The outer membrane of  gram-negative cells
consists of phospholipids, proteins and lipopolysaccharides
(LPS) (Beveridge 1999). The less complex cell wall of  gram-
positive bacteria consists of the inner membrane and a thick

peptidoglycan layer (up to 20–50 nm) to which accessory
molecules like teichoic acids, teichuronic acids, polyphos-
phates or carbohydrates are attached (Shockman and Bar-
rett 1983). A crucial factor to keep in mind in the interac-
tions of radicals with bacterial cells is that the inner and
outer membrane can be considered as a fluid system that is
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Figure 9. The CFU assay of P. fluorescens and L. monocytogenes after treatment with PTW. (A) Cell counts for three different
pre-treatment times of PTW of 100 s, 300 s and 900 s for P. fluorescens. The cell counts for the control suspensions and the different
post-treatment times of 1 min, 3 min and 5 min are illustrated (bar charts). (B) Cell counts for three different pre-treatment times of PTW of
100 s, 300 s and 900 s for L. monocytogenes. The cell counts for the control suspensions and the different post-treatment times of 1 min,
3 min and 5 min are illustrated (bar charts). The pre-treatment time is the time in which the DW was treated with the plasma gas in the 1 l
bottle of the MidiPLexc. The post-treatment time is the time in which the suspension cells came into contact with the PTW. Each data point
was repeated three times per experimental day with repetitions on four different experimental days, resulting in a total number of n = 12 per
data points. The weighted mean value was used as the data points and the weighted error as the error bars.

Figure 10. The fluorescence assay of P. fluorescens and L. monocytogenes after treatment with PTW. (A) The ratio G/R as a percentage
value in relation to the ratio G/R of the controls for three different pre-treatment times of the PTW of 100 s, 300 s and 900 s for P.
fluorescens. The ratio G/R for the control suspensions and the different post-treatment times of 1 min, 3 min and 5 min are illustrated (bar
charts). (B) The ratio G/R as percentage value in relation to the ratio G/R of the controls for three different pre-treatment times of the PTW
of 100 s, 300 s and 900 s for L. monocytogenes. The ratio G/R for the control suspensions and the different post-treatment times of 1 min,
3 min and 5 min are illustrated (bar charts). The pre-treatment time is the time in which the DW was treated with the plasma gas in the 1 l
bottle of the MidiPLexc. The post-treatment time is the time in which the suspension cells came into contact with the PTW. Each data point
was repeated three times per experimental day with repetitions on four different experimental days, resulting in a total number of n = 12 per
data points. The weighted mean value was used as the data points and the weighted error as the error bars.

in constant motion within its regime (Yao et al 1999). The dif-
ferent compositions of the cell envelopes of  gram-positive and
 gram-negative bacteria may play a crucial role in the different
stress tolerance of the bacteria (Mcbroom and Kuehn 2007,
Jordan et al 2008). After radicals have passed the cell wall,
targets and killing mechanisms for  gram-positive or -negative
bacteria may be expected to be similar (Dahl et al 1989).

In this study, we could show that the combination of dif-
ferent microbiological assays is of crucial importance to give
a precise explanation of the antimicrobial effects of PTW.
The  gram-negative bacterium P. fluorescens already showed
a CFU reduction with increasing post-treatment time at 300 s
pre-treatment time (figure 9). Interestingly, the cells do not
show any changes in the LIVE/DEAD and XTT assay. This
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Figure 11. The XTT assay of P. fluorescens and L. monocytogenes after treatment with PTW. (A) Absorption as a percentage value in
relation to the absorption of the controls for three different pre-treatment times of the PTW of 100 s, 300 s and 900 s for P. fluorescens. The
absorption values for the control suspensions and the different post-treatment times of 1 min, 3 min and 5 min are illustrated (bar charts).
(B) Absorption as a percentagevalue in relation to the absorption of the controls for three different pre-treatment times of the PTW of 100 s,
300 s and 900 s for L. monocytogenes. The absorption values for the control suspensions and the different post-treatment times of 1 min,
3 min and 5 min are illustrated (bar charts). The pre-treatment time is the time in which the DW was treated with the plasma gas in the 1 l
bottle of the MidiPLexc. The post-treatment time is the time in which the suspension cells came into contact with the PTW. Each data point
was repeated three times per experimental day with repetitions on four different experimental days, resulting in a total number of n = 12 per
data points. The weighted mean value was used as the data points and the weighted error as the error bars.

suggests that the first response of bacterial cells to plasma
stress is to stop proliferation. The 900 s pre-treatment res-
ults in membrane damage (figure 10) and a devastating reduc-
tion in the cell metabolism (figure 11). In comparison, no
effects could be demonstrated at 300 s pre-treatment time
for the  gram-positive L. monocytogenes. Comparing the res-
ults of the CFU counting (figure 9), LIVE/DEAD staining
(figure 10) and XTT assay (figure 11), leads to the conclusion
that  gram-positive cells were significantly less affected than
 gram-negative cells.

An important factor is the enzymatic equipment of the bac-
teria. It is already known that L. monocytogenes as well as P.
fluorescens express catalase and superoxide dismutase (SOD)
(Singh et al 2005). As a result, the superoxide anions contained
in PTW can be rapidly converted to H2O2 and subsequently
degraded by the catalase of L. monocytogenes and P. fluor-
escens (Mongkolsuk and Helmann 2002). This supports the
hypothesis that H2O2 in PTW is not responsible for the anti-
microbial effect.

On the  contrary, L. monocytogenes survives much higher
nitrite concentrations than most other bacteria, e.g. P. fluor-
escens. Particularly high nitrite concentrations in combination
with low pH values, as is the case with PTW, lead to strong
bactericidal effects (Buchanan et al 1989, Mcclure et al 1991).
This is due to the fact that L. monocytogenes has special pro-
tective mechanisms against reactive species (Lou and Yousef
1997, Ferreira et al 2001, Chaturongakul et al 2008).

The antibacterial effect of RNS is also exploited by respir-
atory epithelial cells that generate increased concentrations of
nitrates and nitrites in the exhaled air during infections of the
human respiratory tract. This is also taken as a measurement of

the NO concentration generated by respiratory epithelial cells
(Linnane et al 1998).

The antimicrobial capacity of RONS depends to a large
extent on the spatial or temporal physical–chemical restric-
tions. The antimicrobial effect of NO, for example, is lim-
ited by its relatively short diffusion path and fast reaction rate
(Malinski et al 1993). However, it was shown that NO has a
strong synergistic effect on H2O2-mediated cell killing by a
factor of up to 1000 in E. coli (Pacelli et al 1995). Interest-
ingly, the mechanism of H2O2 toxicity is linked to OH- form-
ation in a Fenton reaction with iron molecules (Winterbourn
1995). This reinforces the assumption that intracellular iron
increases the formation of H2O2 via the Fenton reaction and
that the binding of bivalent iron in chelator-complexes serves
as a defense mechanism against ROS (Hoepelman et al 1990,
Galhardo et al 2000). Some bacterial strains, which are mem-
bers of the NarK family, have ATP-driven nitrate transporters
(Moir and Wood 2001). For nitrate or nitrite to enter an act-
ive metabolizing cell, the respiratory chain of the cell must
already be successfully reduced, e.g. by suppression of the
synthesis of important enzymes of the respiratory chain, such
as the cytochromes bo and bd in E. coli (Denis et al 1990).
The mechanism of the toxic effect of nitrite on bacterial cells
is not fully understood. While on the one hand the pH values
below 6 could be shown to increase the toxic effect of nitrite,
other studies could show that this effect can be reversed by the
addition of glutathione (Castellani and Niven 1955). However,
it is suspected that nitrite inactivates certain enzyme systems
containing sulfhydryl groups (Bollag and Henninger 1978).

The major advantage of chronoamperometry for the meas-
urement of H2O2 is the very high sensitivity. Even with the
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100 s PTW the sensitivity limit could not be reached. Never-
theless, the concentrations of 100 s PTW were already below
the sensitivity limit of commercial test kits. Another advant-
age compared to photometric test kits is that it was not bound
to enzymatic activities, and the kits have a high error ratio in
the measurements. With most of the commercially available
H2O2  test kits, there were no distinctions possible between
H2O2 and peroxides (peroxides are included), or they worked
in a strongly acidic range (titanyl method) where a reaction
between nitrite and H2O2 could not be excluded. Photomet-
ric measurements are not the method of choice in such small
concentration ranges. With increasing incubation time of the
samples, the concentration of NO2

- decreases, whereas the
NO3

- concentration increases. This is a product of the chem-
ical conversion of NO2

- into NO3
-, which is accelerated in

acidic environments like PTW (Oehmigen et al 2010). Finally,
an equilibrium was achieved between these molecules. In
addition, the unknown fraction increases continuously over
time, which in turn suggests a competition with NO2

- for the
chemical components. This in turn would also lead to the con-
clusion that the unknown fraction seems to be peroxynitrite,
since peroxynitrite as well as NO2

- stay in competition for the
NO from the gas phase (Fridman et al 2005, Pacher et al 2007,
Oehmigen et al 2011b). In addition, a maximum at 220 nm
and a secondary maximum at 302 nm could be detected in
the UV spectrum of the unknown fraction, which is similar
to the spectrum of peroxynitrite (Reiter et al 1999, Piskarev
et al 2014). Acidification of the water on its own could not
lead to the antimicrobial effects of PTW, as well as artificially
produced chemical compounds similar to PTW (nitric acid)
with pH values higher than 3. This leads to the assumption
that only this specific combination of acidic environment and
the concentration of molecules contained in PTW lead to the
antimicrobial effects (Oehmigen et al 2010).

A reduction of at least 4 log10 levels after a maximum of
60 min treatment time is assumed for the term ‘bactericidal’
in water -containing systems, which applies to the experiments
used in this work (DIN Standard EN13623 2010). In this work,
only a pre-treatment time of 900 s and a post-treatment time
of 5 min resulted in a reduction of up to 3 log10 levels. But the
results shown in this work indicated that the dynamic range
only started at 900 s pre-treatment. If the kinetics of the CFU
results are considered, they do not follow the Chick–Watson
Law for disinfectants (Chick 1908, Watson 1908). This law
shows that the relation between active and inactive microor-
ganisms is a product of the concentration of the disinfect-
ant and the exposure time. Here, PTW did not fulfill these
characteristics. Experiments with PTW from different plasma
sources already performed in the past showed a partly asym-
metric reduction with non-linear progression and tailing at
higher treatment times (Schnabel et al 2015, 2016, 2019b).
However, it could be shown that the combination of PTW and
PPA partially eliminated the tailing effect and resulted in syn-
ergistic effects (Schnabel et al 2019b). In our work, a mixture
of killed cells with a few static ones were detected. There-
fore, the PTW in the given chemical composition and based on
the present plasma source could be classified as bacteriostatic.
However, the aim of this work was not to achieve the highest

possible inactivation, but to demonstrate the dynamic range in
order to show the important parameters for killing by means
of the different concentrations of the chemical components.
Therefore, the results of this work suggest that either the NO2

-

or the unknown fraction, which could most likely be peroxyni-
trite, were responsible for the observed antimicrobial effects.
However, it could be shown that the upscaled plasma sources,
which were comparable to the MidiPLexc, are quite capable of
producing PTW, which can be classified as a disinfectant with
up to 4 log10 (Schnabel et al 2016). It is important to use at
least the three different methods like CFU, fluorescence and
XTT to be able to talk about killing. Otherwise, there is no
possible differentiation between inactivation and killing.

Due to the chemistry of PTW and the synergistic effects
of the chemical components, the field of microbial decontam-
ination with cold atmospheric plasma is constantly growing
(Schnabel et al 2019b). Therefore, it is of crucial importance
to identify the molecules in PGCs to elucidate the underlying
molecular mechanisms. However, prior to  industrial applica-
tions, the process needs to be upscaled (Andrasch et al 2017,
Schnabel et al 2019a).

5. Conclusion

The identification of the chemical components of PGCs such
as PTW is of crucial importance for the characterization and
application of these plasma end products. This work provides
crucial new results in relation to plasma chemistry. Two spe-
cific molecules in decisive concentrations together with very
low nitrate and H2O2 concentrations have been detected, indic-
ating that nitrite and the unknown fraction are predominantly
responsible for the antimicrobial activity of PTW. For the
application of PTW in different fields, e.g. in the food pro-
duction industry, these findings are of decisive importance.
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Abstract: For the decontamination of surfaces in the food production industry, plasma-generated 

compounds such as plasma-treated water or plasma-processed air offer many promising 

possibilities for future applications. Therefore, the antimicrobial effect of water treated with 

microwave-induced plasma (MidiPLexc) on Pseudomonas fluorescens biofilms was investigated. A 

total of 10 mL deionized water was treated with the MidiPLexc plasma source for 100, 300 and 900 

s (pretreatment time) and the bacterial biofilms were exposed to the plasma-treated water for 1, 3 

and 5 min (post-treatment time). To investigate the influence of plasma-treated water on P. 

fluorescens biofilms, microbiological assays (colony-forming units, fluorescence and XTT assay) and 

imaging techniques (fluorescence microscopy, confocal laser scanning microscopy, and atomic force 

microscopy) were used. The colony-forming units showed a maximum reduction of 6 log10 by using 

300 s pretreated plasma water for 5 min. Additionally, a maximum reduction of 81% for the viability 

of the cells and a 92% reduction in the metabolic activity of the cells were achieved by using 900 s 

pretreated plasma water for 5 min. The microscopic images showed evident microbial inactivation 

within the biofilm even at the shortest pretreatment (100 s) and post-treatment (1 min) times. 

Moreover, reduction of the biofilm thickness and increased cluster formation within the biofilm was 

detected. Morphologically, the fusion of cell walls into a uniform dense cell mass was detectable. 

The findings correlated with a decrease in the pH value of the plasma-treated water, which forms 

the basis for the chemically active components of plasma-treated water and its antimicrobial effects. 

These results provide valuable insights into the mechanisms of inactivation of biofilms by plasma-

generated compounds such as plasma-treated water and thus allow for further parameter 

adjustment for applications in food industry. 

Keywords: biofilm degradation; decontamination; inactivation; food spoilage; cluster formation 

 

1. Introduction 

Investigations on the antimicrobial activity of plasma is a continually growing field of research. 

Although antimicrobial effects have been demonstrated for a range of plasma sources and treatment 

conditions, the majority of the underlying mechanisms remain unknown. Additionally, the 
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production of further plasma-generated compounds (PGCs) such as plasma-processed air (PPA) and 

plasma-treated water (PTW) embraces a conglomeration of chemical reactions in different 

surroundings (water, air), which make the whole process extremely complex [1,2]. Therefore, it is not 

only important to know the composition of the plasma gas, but also the chemical interactions with 

the ambient air and the treated water. PPA and PTW, which are mixtures of compounds originating 

from these complex chemical pathways, possess antimicrobial effects. The PTW produced by the 

MidiPLexc was not affected by any significant temperature changes during the treatment and 

reached pH values of 2.59, 1.93 and 1.22 at pretreatment times of 100, 300 and 900 s. The most 

important molecular components of the PTW were hydrogen peroxide (H2O2), nitrate (NO3-), nitrite 

(NO2-) and a third component which could not be clearly identified so far but was most likely 

peroxynitrite (ONOO-). At 100 s pretreatment time, the following concentrations could be 

measured—H2O2: 77 mg/L, NO3-:3.4 mg/L, NO2-: 241.32 mg/L, ONOO-: 9.968 mg/L. At 300 s 

pretreatment—H2O2: 297 mg/L, NO3-: 27.06 mg/L, NO2-: 893.54 mg/L, ONOO-: 65.23 mg/L and at 900 

s pretreatment—H2O2: 717.3 mg/L, NO3-: 72.29 mg/L, NO2-: 1600.71 mg/L and ONOO-: 224.57 mg/L 

[3]. Despite this fact, the mechanism of action of these substances on bacterial biofilms is still 

unknown. 

The antimicrobial effects have been demonstrated for various products such as vegetables, fruits, 

and meat, as well as dairy products and further processed food products [4–11]. Nonetheless, it is of 

crucial importance to achieve an antimicrobial effect on pathogens without damaging the product 

itself [12]. Thus, challenges of plasma treatment are comparable with demands of the treatment of 

medical devices, where the pathogens must be destroyed without harming the patients or their 

tissues [13]. Despite these challenging factors, especially PPA and PTW have gained interest in the 

food industry. 

Pseudomonas fluorescens, a Gram-negative, oxidase-positive, rod-shaped bacterium, is frequently 

found as a spoilage microbe in the food industry [14,15] and as a commensal in the digestive tract of 

humans [16]. At the same time, some P. fluorescens strains naturally occur as a plant-growth-

promoting rhizobacterium [17]. P. fluorescens is a common contaminant in the dairy industry, where 

it releases blue nondiffusible pigments on cheese during its production [18]. Furthermore, it 

frequently contaminates refrigerated products like meat or milk and fish products such as cod or 

haddock [15,19–21]. 

P. fluorescens forms biofilms composed of an extracellular matrix (ECM) [22]. When cells adhere 

unspecifically to surfaces, cellular and physiological changes occur, which enhance ECM formation 

[23,24]. Several environmental factors, such as the osmolarity or nutrient availability, affect the ability 

of P. fluorescens to attach to abiotic surfaces. However, iron has been proven to be the most crucial 

factor for biofilm adhesion [25]. A wide range of genes, e.g., flagella or Clp protease synthesis, appear 

to be crucial for tight surface attachment [26]. Generally, a decisive factor for a long-term survival 

strategy of the bacterial cells is the detachment from the mature biofilm, subsequently followed by 

colonization of new regions via an undirected diffusion [27]. Besides, the access to essential 

compounds like oxygen, or the release of specific lyase enzymes seem to be crucial triggers for the 

detachment of biofilms [28]. As a consequence, these factors lead to a disintegration of the ECM and 

a release of cells into the surrounding medium. 

Concerning rinsing processes in industrial applications, the dispersion of the organism into 

other areas only plays a minor role. The main priority is the complete detachment of the biofilm from 

the overgrown surface to remove it from the system during the flushing processes. Initial studies 

have already shown a unique effect of plasma gas on the adhering surface of the biofilm [29,30]. The 

present study aimed to investigate whether PTW also has such special effects on the biofilm. 

2. Materials and Methods 

2.1. Plasma source 

The MidiPLexc [3] is a microwave-driven plasma source and an extension of the MiniMIP 

[29,30]. This plasma source is, in contrast to common plasma sources, able to work with compressed 
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air instead of inert gases like argon or helium. Additionally, this plasma source is able to treat water 

with the plasma gas through the built-in adapter. This leads to the generation of PTW, which can be 

used for antimicrobial applications. The MidiPLexc was operated with compressed air as the working 

gas (drew point 3 ℃) with a gas flow of 1 slm and a forward power of 80 W and reverse power of 20 

W. Before the start of the experiments, the plasma source was running for 30 min without treatment 

of the target to ensure a stable effluent. 

2.2. Generation of PTW by the microwave plasma 

A 1 l glass bottle was filled with 10 mL deionized water (DW) and was integrated into the special 

bottle device of the MidiPLexc for the production of the PTW [3]. For the biological investigations, 

three different pretreatment times (100, 300, 900 s) and three different post-treatment times (1, 3, 5 

min) for each pretreatment time were used. Each post-treatment time for the biofilms was performed 

in threefold repetition per experimental day. Each test was performed on four different experimental 

days. This yielded n = 12 for each post-treatment time. The time points were chosen based on already 

published work in order to represent the dynamic range of the effects [3]. 

2.3. Bacterial strains and growth conditions 

P. fluorescens ATCC 13525 (ATCC, American Type Culture Collection) was used for biofilm 

cultivation. In the beginning, 1 l Brain Heart Infusion broth (BHI) (Carl Roth, Karlsruhe, Germany) 

was prepared, autoclaved and the pH value of the solution was adjusted to pH 6. This was adapted 

according to the results of a previous study [30]. Additionally, the BHI medium was pumped through 

a sterile filter system (VWR (avant), Darmstadt, Germany) using a vacuum pump. A colony was 

removed from the Columbia agar plate (medium for long-term cultivation) with the inoculation loop, 

resuspended in 50 mL BHI, and incubated for 24 h at 30 ℃ without shaking under aerobic conditions. 

On the next day, 1 mL of the suspension was diluted with BHI media and adjusted to an optical 

density (OD) of 0.050 at 600 nm. This suspension was used for biofilm cultivation. Specifically, 300 µl 

was pipetted per well in a 96-well plate prior to incubation for 24 h at 30 ℃ in the dark without 

shaking to ensure cell adhesion under aerobic conditions. Afterward, the medium was removed to 

discard the nonadhered cells, and 300 µl of fresh medium was added under aerobic conditions. After 

further incubation for 24 h at 30 ℃ in the dark without shaking, the PTW treatment was started. 

2.4. PTW treatment of P. fluorescens biofilms 

After carefully removing the medium, the biofilm was topped with 300 µl of the PTW for the 

different post-treatment times of 1, 3, and 5 min. Each post-treatment time was investigated 

separately to avoid any drying effects on the biofilms. Afterward, the PTW was removed, and the 

biofilm was mechanically detached from the plate surface and dissolved in 300 µl of phosphate-

buffered saline (PBS, pH 6.4, according to Sörensen) by resuspension. To ensure the transfer of the 

entire biofilm, this step was repeated once again which resulted in a final suspension volume of 600 

µl of the specimen. This suspension was used for colony-forming unit (CFU) analyses (2.5), 

fluorescence assays (2.6), and XTT assays (2.7). The mechanical detachment of the biofilms was 

omitted for fluorescence microscopy (2.8), confocal laser scanning microscopy (CLSM) (2.9) and 

atomic force microscopy (AFM) (2.10). 

2.5. Performance of the colony-forming units (CFU) assay of PTW-treated biofilms 

At the beginning, 100 µl was taken from the 600 µl sample suspension (2.4) to perform a serial 

dilution. This was done by diluting the sample suspension after plasma treatment 1:10 with 

maximum recovery diluent (MRD; 0.85% NaCl, 1% tryptone). The controls were finally diluted 

1:1,000,000 and the samples 1:1000. Each dilution step was plated on BHI agar by pipetting 10 µl per 

dilution onto the plate and spread out by using the tilting technique. The plates were incubated at 30 

℃ for 24 h under aerobic conditions. The colonies of the respective dilution levels were counted 

manually, and the CFU/mL were calculated as described before [30]. 
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The propagation of error was calculated for each treatment group. This finally resulted in 4 

different error propagations for each treatment time from which the weighted error was calculated 

and used as error bars in the illustration (Figure 1) [31]. The experiment was performed in four 

independent experiments with three technical replicates each. 

2.6. Fluorescence LIVE/DEAD assay 

The LIVE/DEAD BacLight™ Bacterial Viability Kit (Thermo Scientific, Waltham, USA) was 

prepared according to product instructions. 

First, 0.9 µl of the Propidium Iodide (PI) and SYTO9 mixture was added to 300 µl sample and 

was incubated at room temperature (20-25 ℃) for 20 min. A 96-well plate was used to determine the 

fluorescence signal for each sample with a fluorescence microplate reader (Varioskan-Flash, Thermo 

Scientific, Waltham, USA) with an excitation wavelength of 470 nm and an emission wavelength of 

530 nm for the green (G) fluorescence and 630 nm for the red (R) fluorescence, respectively. 

Subsequently, a ratio G/R was calculated by dividing the intensity value of red fluorescence from the 

value of green fluorescence. The ratio G/R values of the controls and samples were expressed as a 

percentage in relation to each other and were graphically displayed. 

2.7. XTT assay 

A colorimetric assay was used to determine the cell viability after plasma treatment (XTT Cell 

Proliferation Assay Kit, Applichem, St. Louis, USA). Therefore, it represents cell vitality as a function 

of redox potential, originating from a transplasma membrane electron transport. [32]. N-methyl 

dibenzopyrazine methyl sulfate (PMS) was used as an intermediate electron carrier, which serves as 

an activator of the intended reaction. The 2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-

5-carboxanilid – sodium salt (XTT) solution was mixed 1:50 with the activator solution before being 

diluted 1:3 with the samples in a 96-well plate. After an incubation time of 20-24 h at 37 ℃ on a rotary 

shaker (80 rpm), the samples were scanned in a 96-well plate using a wavelength of 470 nm with the 

microplate reader. The measured values were blank-corrected using the scanned value at a 

wavelength of 670 nm of the XTT and activation solution mixture without the bacterial suspension. 

The experiment was performed in four independent experiments with six technical replicates each. 

The measured values of the samples and controls were set in relation to each other and visualized as 

a percentage and graphically displayed as metabolic activity. 

2.8. Fluorescence microscopy 

For fluorescence microscopy, transparent 96-well plates (Eppendorf, Hamburg, Germany) were 

used to grow biofilms. The LIVE/DEAD BacLight Bacterial Viability Kit (containing SYTO9 to stain 

all microorganisms, and propidium iodide (PI) to stain dead cells) was used according to the 

manufacturer’s protocol. Widefield fluorescence images were acquired using an Operetta CLS high-

content imaging device (PerkinElmer, Hamburg, Germany). For whole-well imaging, four fields of 

view were stitched digitally. A 5x objective (air, NA = 0.16, Zeiss, Oberkochen, Germany) was used. 

The dye SYTO9 was excited by a 475 nm (110 mW) LED, and the fluorescence was collected through 

a 525±25 nm bandpass filter. The PI was excited by a 550 nm (170 mW) LED, and the emission light 

was collected through a 610±40 nm bandpass filter. The laser autofocus (785 nm) provided exact 

focusing across all fields of view. For display, three stacks were merged into a maximum intensity 

projection to account for topographical particularities in the z-plane (focus±25µm). For 3D images of 

biofilms, 30 z-planes (stacks) with 1.5 µm between each plane were measured using a 40x air objective 

(NA = 0.6). Three-dimensional reconstruction, image stitching, and quantification were done using 

Harmony 4.8 software (PerkinElmer, Hamburg, Germany). 

2.9. Confocal Laser Scanning Microscopy (CLSM) 

The biofilms were cultivated, plasma-treated and LIVE/DEAD™ stained as described above (2.2; 

2.3; 2.4; 2.8). After the staining and washing procedure, the supernatants were removed, and the 
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biofilms were analyzed using a Zeiss LSM 510 microscope (Carl Zeiss, Jena, Germany) equipped with 

a 63x objective (water, NA =0.1) and filter and detector settings for monitoring SYTO9 and PI 

fluorescence (excitation at 488 nm using an argon laser, emission light of SYTO9 selected with a 

505-530 nm bandpass filter, emission light of PI selected with a 650 nm long-pass filter). 

Three-dimensional images were acquired using the ZEN 2009 software (Carl Zeiss, Jena, Germany) 

with an area of 100 × 100 µm and z-stack sections of 0.45 µm. 

2.10. Atomic-force microscopy (AFM) 

A portable surface for the biofilms was required for the AFM, since 96-well plates could not be 

inserted into the device. Therefore, 13 mm coverslips (Sarstedt, Nümbrecht, Germany) were used for 

biofilm growth with the coverslips being added to the wells of the 12-well plate. For better adhesion 

of the coverslips to the surface of the well plates and to avoid the growth of the pathogen at the 

bottom of the coverslips, 50 mL Gelrite™ (Duchefa, Haarlem, Netherlands) was autoclaved and used 

immediately to avoid thermal curing processes. A volume of 1 mL liquid Gelrite™ was pipetted to 

each well of a 12-well plate. The coverslips were placed at the surface of the liquid Gelrite™ and were 

thermally cured. The biofilms were cultivated as described above and 1 mL of the BHI was pipetted 

to each well until the coverslips were topped with the medium. After 24 h, a medium change was 

carried out. The medium had to be removed and added very carefully to avoid damaging the 

biofilms. After a second incubation period of 24 h at 30 ℃ under aerobic conditions, the medium was 

removed and the biofilms were treated with the PTW as described (2.4). However, 1 mL PTW was 

used to enclose the coverslips entirely. Dehydration of the biofilms before AFM analysis was avoided 

by using a humidity chamber. The AFM measurements were carried out on a DI CP II SPM (Veeco, 

Plainview, USA), which was mounted on a vibration-free object table (TS 150, TableStable, Zwillikon, 

Switzerland). The setup was standing on an optical bench encased by additional acoustic protection. 

The AFM was equipped with a linearized piezo scanner, on which the coverslips were mounted on 

a metal sample holder with leading tabs. Image acquisition was performed at a scanning speed of 0.4 

Hz, with an area of 20 µm2, and the set point being 8 N/m. The images were edited with Gwyddion 

(Czech Metrology Institute, Brno, Czech Republic). 
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3. Results 

3.1. Impact of the PTW treatment on the proliferation ability of the cells (CFU) 

 

Figure 1. The graph show the reduction in the colony-forming units (CFUs) after plasma treatment of 

the biofilms. The grouped bar chart show at the x-axis the water treatment time with the Midiplexc 

(pretreatment time) and the different bars show the biofilm treatment time with the plasma-treated 

water (PTW) (post-treatment time). The experiment was performed in four independent experiments 

with three technical replicates each. 

The number of CFUs reflects the ability of cells to divide and multiply themselves. Thus, CFU 

counting has been used to quantify the effect of PTW treatment on cell proliferation. P. fluorescens 

already shows a substantial reduction of approximately 3 log10 in the proliferation ability after 1 min 

post-treatment with 100 s pretreated PTW. The effect increases continuously with higher treatment 

times of the biofilm (Figure 1, left). By using 300 s pretreated PTW, an even stronger reduction of 

approximately 6 log10 was detected. Again, a slightly stronger reduction occurs with increasing post-

treatment time of the biofilm (Figure 1, center). After the treatment with 900 s pretreated PTW, there 

was no significantly stronger reduction compared to the treatment with 300 s pretreated PTW. 

Furthermore, the effects at increasing treatment times of the biofilms showed a constant reduction, if 

the error values are taken into account (Figure 1, right). 

3.2. PTW treatment of biofilms leads to membrane damage in cells 

The LIVE/DEAD fluorescence assay identifies membrane damages of cells in the biofilm after 

PTW treatment. The percentual ratio G/R of the treated biofilms compared to the untreated controls 

is shown in Figure 2. After the treatment of the biofilms with 100 s pretreated PTW, a considerable 

damage of the membrane could already be seen after 1 min treatment time. The ratio G/R was 
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reduced by 50%. With an increasing treatment time of the biofilms, there was a slight decrease in the 

percentage of membrane damage compared to the untreated controls (Figure 2, left). The effect 

increases after the reaction of the biofilms with longer pretreated PTW. After 1 min post-treatment of 

the biofilms with 300 s pretreated PTW, the ratio G/R was already reduced by 63%. Once more, there 

were no significant changes after increasing the post-treatment time of the biofilms with the PTW 

(Figure 2, center). The highest effect in membrane damage of cells was detected after the treatment 

of biofilms with 900 s pretreated PTW. Here, after 1 min post-treatment time of the biofilms, a 

reduction of the ratio G/R of 79% could be demonstrated. Also, there was a slight increase in the effect 

of increasing post-treatment time of the biofilms (Figure 2, right).
 

 

 

Figure 2. The graph shows the reduction in the ratio G/R after treatment of the biofilms with the PTW. 

The grouped bar chart show at the x-axis the water treatment time with the Midiplexc (pretreatment 

time) and the different bars show the biofilm treatment time with the PTW (post-treatment time). The 

experiment was performed in four independent experiments with three technical replicates each. 

3.3. XTT Assay revealed a reduction in the metabolic activity of the cells after PTW treatment 

The XTT assay (Figure 3), which is an indicator of the metabolic activity of the cells after the 

plasma treatment, showed no reduction if 100 s pretreatment PTW was used for three different 

post-treatment times. An increase in metabolic activity of up to 118% after 1 min post-treatment time 

could even be demonstrated in this setup (Figure 3, left). This effect weakened with increasing 

post-treatment time. However, strong reductions of up to 88% after 5 min of post-treatment time 

could be demonstrated after 300 s pretreatment (Figure 3 center). There was no significant difference 

detectable between the different post-treatment times in the reduction of metabolic activity. If 900 s 

pretreated PTW was used, a reduction compared to 300 s pretreatment could be demonstrated 

(Figure 3, right). The post-treatment times of 900 s did not significantly differ from each other as well 

as compared to the post-treatment times at 300 s. 



Appl. Sci. 2020, 10, 3118 8 of 15 

 

 

Figure 3. The graph shows the reduction in the metabolic activity of the biofilm cells after treatment 

of the biofilms with the PTW. The grouped bar chart show at the x-axis the water treatment time with 

the Midiplexc (pretreatment time) and the different bars show the biofilm treatment time with the 

PTW (post-treatment time). The experiment is performed in four independent experiments with three 

technical replicates each. 

3.4. PTW treatment of the biofilms leads to inactivation of the biofilm layers from the top in the fluorescence 

microscopy 

Fluorescence microscopic images show the bottom biofilm layers, which grew into the abiotic 

surface. The control biofilm (Figure 4A) and the biofilms treated with 100 s pretreatment PTW show 

detachment of individual areas within the biofilm. (Figure 4B–D). This happened due to treatments 

with the fluorescence staining and the PTW (or PBS for the controls). After the treatment of the 

biofilms with the 100 s pretreatment PTW, there were isolated hot spots of living cells detectable 

within the biofilm. However, most of the cells were already affected and appeared to be dead. With 

longer pretreated PTW, the biofilm was a homogeneous mass, where isolated height differences were 

clearly visible (Figure 4E). There were no cell detachments recognizable, but a uniformly connected 

matrix. This continues with increasing pretreatment times of the PTW and the biofilms (Figure 4F-J). 

The 3D images of the control biofilm showed a height of up to 40 µm. There were large cell clusters 

on the top of the biofilm, which appeared like cell clouds in the 3D image. The compact cell matrix, 

however, reached a height of about 25 µm (Supplementary: control .wmv). After 1 min of treatment 

time with the 100 s pretreated PTW, a clear change in the morphology of the biofilm could be 

observed. A much more relaxed structure could be seen in comparison to the control biofilm as well 

as a reduced height of approximately 15 µm (Supplementary: 100 s 1 min .wmv). After 1 min of 

treatment time with the 900 s pretreated PTW, the respective biofilms strongly differed from the 

control biofilms and a flat, homogeneous structure of dead cells became visible. The biofilm had a 
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height of only 1 µm and had prominent sites with gaps within its structure. The effects of the 

treatment with PTW were clearly visible (Supplementary: 900 s 1 min .wmv).
 

 

Figure 4. The images show inverse footage of the biofilms. The pretreatment time defines the time 

period in which the water came into contact with the plasma gas. The post-treatment time represents 

the period of time where the PTW came into contact with the biofilm. The biofilms are stained with 

SYTO9 (green) for living cells and propidium iodide (red) for dead cells. A) Control biofilm B) 100 s 

pretreatment, 1 min post-treatment C) 100 s pretreatment time, 3 min post-treatment time D) 100 s 

pretreatment, 5 min post-treatment E) 300 s pretreatment, 1 min post-treatment F) 300 s pretreatment, 

3 min post-treatment G) 300 s pretreatment, 5 min post-treatment H) 900 s pretreatment, 1 min 

post-treatment I) 900 s pretreatment, 3 min post-treatment J) 900 s pretreatment, 5 min post-treatment. 

3.5. CLSM confirms the detachment of cell layers from the surface of biofilms 

The control biofilms showed a fragmentary structure with a height of approximately 8 µm 

(Figure 5). They were composed of several visible cell layers, dominated by living (green) cells and 

only a few dead (red) cells were detectable. In contrast, 100 s/5 min plasma treatment showed a clear 

change in the living/death ratio. Much more dead cells and partially damaged (yellow) cells were 

visible. The homogenous biofilm had an approximate height of 12 µm (Figure 5). After 300 s/5 min, 

a clear change in height was noticeable. The cells appeared planar and heterogeneous (Figure 5). The 

number of partially damaged cells (yellow) increased significantly compared to the 100 s/5 min 

treatment. After 900 s/5 min, no living cells were detected. The surface of the biofilm was almost 

completely covered by partially damaged cells. Dead cells were increasingly visible on the edges as 

well as in the deeper layers. The biofilm had a planar shape and a height of approximately 5 µm 

during these treatment times (Figure 5). 
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Figure 5. The images show P. fluorescens biofilms with and without treatment with plasma-treated 

water (PTW). Left panels show a topographical view of the biofilm layer (height view of the biofilms 

in µm). Central and right panels show 3D images with a top and a bottom view of the biofilms, 

respectively. The pretreatment time is the treatment time of the water by the plasma source 

(MidiPLexc) and the post-treatment time is the contact time of the PTW with the biofilm. For each 

biofilm, an area of 100 × 100 µm is visualized. 

3.6. Enhanced clustering of cells and modification of physical-mechanical properties after PTW treatment 

visible in AFM 
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At first glance, barely any significant morphological changes in the cells of the biofilm after PTW 

treatment were detected (Figure 6). Nevertheless, the error images showed an increasing tendency of 

the cells to form clusters with increasing treatment time (Figure 6B–D). Local hot spots of cell 

accumulations occur, which increase the topographic gaps within the biofilm. In addition, the control 

biofilms were much more difficult to measure than the treated biofilms. The deflection values of the 

cantilever showed a stronger deflection when measuring the control biofilms, indicating changes in 

the plasticity of the biofilm during the treatment. There are no obvious morphological changes in the 

cells visible (Figure 6A). 

 

Figure 6. Atomic force microscopy (AFM) images of P. fluorescens biofilms. Left) topographical 

images right) error images. The pretreatment time defines the time period in which the water came 

into contact with the plasma gas. The post-treatment time represents the period of time, where the 

PTW came into contact with the biofilm. A) Control biofilm B) 100 s pretreatment, 5 min 

post-treatment C) 300 s pretreatment, 5 min post-treatment D) 900 s pretreatment, 5 min 

post-treatment. 

4. Discussion 

Application of plasma in food industry is becoming increasingly important. Due to the 

promising application possibilities of PGCs, several studies are currently in progress, which can be 

summarized under the collective term “Plasma for Food” [33–35]. This term covers a broad spectrum 

from pre- and postharvest, up to the treatment of food with plasma or the packaging materials, in 

which the food is transported and stored, as well as the treatment of different surfaces which are 

important in the food production environment [36–39]. There are two particularly important aspects 

to get this new innovative method into practical use in the food industry. The first one is that the 

mechanisms leading to the inactivation of spoilage organisms by plasma treatment are clarified [40–

42]. On the other hand, the plasma technology has to be further upscaled to huge product turnovers 

and consumption of industrial goods like water in order to meet the requirements of the food 

industry [43]. Therefore, it is important to identify the mechanisms of PGCs on microorganisms such 

as P. fluorescens that cause significant problems in the food industry. 

P. fluorescens is able to form biofilms on surfaces relevant in the food industry like stainless steel, 

Polyethylene terephthalate (PET) or Teflon [8,44] as well as on the food products itself [5]. It produces 

fibrillary structures as a matrix for the biofilm. This matrix seems to be 2-3 times smaller than the 

actual bacteria packed in unknown extracellular structures [45]. These fibrillary structures were also 

macroscopically recognizable in comparison to biofilms of other species and seem to contribute to 

the physical properties of the biofilm. Due to these structures, the biofilms of P. fluorescens tend to be 

mechanically washed away during treatment with PTW. Because of the flow properties of PTW, 

larger cell masses were washed away during pipetting on the biofilm by these connected fibrillary 

structures. This, in turn, explains the large gaps in control biofilms in CLSM and fluorescence 
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microcopy (Figures 4A and 5A). The AFM images of the control biofilms also showed an extremely 

soft surface, resulting in the cantilever of the AFM hardly being able to generate images of the control 

biofilms and creating long stretched artifacts on the surface (Figure 6A). In comparison, the treated 

biofilms could be measured much more easily, which suggests a change in the plasticity of the cells 

may be due to the loss of fluidity. Macroscopically, the treated biofilms appeared whitish and dry, 

which is why they have changed their physical properties into a solid cell layer. As a result, as soon 

as enough force was applied to release the biofilm, the entire biofilm was detached as a uniform layer, 

whereas in control biofilms only biofilm segments were detached and the coarse cell mass remained. 

This behavior of the control biofilms is naturally favored, since the detached cell mass is transported 

from the site of infection to other areas, e.g., during manifestation in a living organism like humans, 

in order to recolonize the new areas [46–49]. This happens in the same way in industrial plants. As 

an equivalent to the blood flow in living organisms, the wash water in the production plant is used, 

which removes biofilm mass and transports the biofilm particles to other areas of the facility, where 

it leads to new biofilm colonization [50,51]. 

This study showed a clear effect of PTW on the P. fluorescens biofilms. While at 100 s pretreatment 

even a positive effect on the metabolism of the cells was visible, after 300 s, clearly negative effects 

were visible in the CFU, fluorescence and XTT assay. Since reactive oxygen and nitrogen species 

(RONS) in low concentrations are also needed for cell signaling, this could be an explanation for the 

positive effect of the 100 s PTW [52–54]. This again illustrates how important it is to know the optimal 

process window, in which biofilms have to be treated with PTW. Fluorescence microscopy also shows 

a rather fluffy control biofilm where individual areas are already detached by the shear forces of the 

buffer. This is an effect of the rapid growth rate of P. fluorescens biofilms, which leads to a detachment 

of smaller areas of the biofilm and a rather soft biofilm surface [55]. Already after 100 s, a clear 

influence on the cells of the biofilm was evident. However, no clear change in the plasticity of the 

biofilm caused by PTW treatment seems to be evident. After 300 s pretreatment of the PTW, however, 

the formation of a coherent layer of the biofilm was visible, which consists mainly of dead cells on 

the surface of this layer. Finally, 900 s pretreatment with 5 min post-treatment showed a thick 

coherent biofilm mass consisting of dead cells on the surface of the layer. This clearly illustrates the 

influence of PTW on the physical properties of the biofilm. The AFM images also showed the 

increased clustering of the cells compared to the control biofilm. These clusters or hot spots could be 

understood as a resistance mechanism, in which cells wrap other biofilm cells to protect them from 

external stress influences. Regarding the application of PTW in industrial applications, the results 

shown in this publication are very promising, as sufficient killing on several microbiological scales 

has been demonstrated, as well as new and promising mechanisms of biofilm removal from the 

overgrown surface. Further experiments to investigate the nature of plasma-treated biofilms and 

possible reduced resistance to fluid shear forces or reduced adhesion to overgrown surfaces could be 

the decisive evidence to favor plasma treatments in the food industry over conventional 

decontamination processes. 

5. Conclusions 

The mechanisms of action by PTW are still largely unknown. This work provides crucial new 

insights and approaches into the mechanisms of decontamination, inactivation, and killing of 

bacterial contamination. The effect of different treatment parameters and the possible influence on 

decontamination processes in the food industry was examined. The PTW treatment of P. fluorescens 

biofilms led to the extensive killing of the biofilm cells. Mechanistically, the cells fuse into a uniform 

layer, which prevents the detachment of individual biofilm fragments and thus further 

contamination of industrial facilities. Further experiments should focus on the detachment processes 

of the dead cell mass in order to establish standardized parameters to significantly remove biofilms 

by upscaling the fluid shear forces of the PTW during the flushing processes of the facilities. 

Supplementary Materials: The following are available online at www.mdpi.com/2076-3417/10/9/3118/s1, Video 

S1: 100 s 1 min .wmv; Video S2: 900 s 1 min .wmv; Video S3: control .wmv 
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Background: Plasma-generated compounds (PGCs) such as plasma-processed air
(PPA) or plasma-treated water (PTW) offer an increasingly important alternative for the
control of microorganisms in hard-to-reach areas found in several industrial applications
including the food industry. To this end, we studied the antimicrobial capacity of
PTW on the vitality and biofilm formation of Listeria monocytogenes, a common
foodborne pathogen.

Results: Using a microwave plasma (MidiPLexc), 10 ml of deionized water was
treated for 100, 300, and 900 s (pre-treatment time), after which the bacterial biofilm
was exposed to the PTW for 1, 3, and 5 min (post-treatment time) for each pre-
treatment time, separately. Colony-forming units (CFU) were significantly reduced by
4.7 log10 ± 0.29 log10, as well as the metabolic activity decreased by 47.9 ± 9.47%
and the cell vitality by 69.5 ± 2.1%, compared to the control biofilms. LIVE/DEAD
staining and fluorescence microscopy showed a positive correlation between treatment
and incubation times, as well as reduction in vitality. Atomic force microscopy (AFM)
indicated changes in the structure quality of the bacterial biofilm.

Conclusion: These results indicate a promising antimicrobial impact of plasma-treated
water on Listeria monocytogenes, which may lead to more targeted applications of
plasma decontamination in the food industry in the future.

Keywords: antimicrobial, cold plasma, food production industry, MidiPLexc, PTW, sustainability, viability

INTRODUCTION

The application of plasma-generated compounds (PGC) such as plasma-treated water (PTW) and
plasma-processed air (PPA) is an emerging field of research and development (Andrasch et al.,
2017; Schnabel et al., 2018, 2019a). Especially the food industry reports frequent problems with
contamination of food products or its processing facilities. Often the entry of microorganisms
occurs via the food itself. Fruits or vegetables, but also meat and dairy products are exposed to a
natural microbial load from their environment (Heyndrickx, 2011; Matthews et al., 2014). Given
the tremendous variety of ready-to-eat or ready-to-cook products in supermarkets, this problem
has become increasingly important (Rodgers, 2003). A further problem is raw food that, due to their
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natural contamination with microorganisms, introduce new
pathogens, which lead to colonization of the production facilities
like drains and water connections and to contamination of
the wash water and processing equipment (Knight et al.,
1988; Nelson, 1990). Especially the use of PTW as wash
water of the fresh-cut products, as well as the facilities, is of
increasing importance for the industry in terms of environmental
sustainability and thus cost-effectiveness (Rowan et al., 2007;
Selma et al., 2008; Gil et al., 2009, 2015; Van Haute et al., 2013;
Banach et al., 2015; Cullen et al., 2018; Patange et al., 2019b).

Instead of tap water, the plasma system could be installed
upstream in the production chain and continuously produce
PTW that is filled into the washing nozzles, which cleans the
fresh products such as salad from heavy soiling and at the same
time reduces the natural germ load. In contrast, PPA could be
used for drying effects after washing or could be used directly
for drying effects such as smoking fish or producing dried fruits.
This development shows that the trend is moving away from
direct plasma treatment of products and leads to the use of
PGCs. In addition to the advantage that water is already used in
the food industry and could easily be replaced by PTW, PGCs
additionally offer other advantages like an easy storage and a high
transportability (Schnabel et al., 2019b).

At the early 1960s the first publications concerning Listeria
monocytogenes (L. monocytogenes) and the disease listeriosis
were published (Seeliger, 1961; Gray and Killinger, 1966).
Recently, a growing number of studies on the pathogenicity
of L. monocytogenes have been published, which underlines
its increasing importance in human and animal health care
(Dhama et al., 2013; Ferreira et al., 2014; Ricci et al., 2018).
L. monocytogenes is a facultative intracellular bacterium that
can cause central nervous system (CNS) infections (Vazquez-
Boland et al., 2001; Drevets and Bronze, 2008; Disson and Lecuit,
2012; Maury et al., 2017). However, it has been shown that
L. monocytogenes is ten times more effective in invading the
CNS than common pathogens such as Streptococcus pneumoniae
or Group B Streptococci (Schuchat et al., 1997). Besides
CNS infection and febrile gastroenteritis (Dalton et al., 1997;
O’Toole et al., 2000; Disson and Lecuit, 2012), sepsis is one
of the most common diseases caused by L. monocytogenes in
immunosuppressed patients (Büla et al., 1995; Lorber, 1997;
Opperman and Bamford, 2018; Vela et al., 2020). Less frequent
are diseases like endocarditis, peritonitis, and focal infections
(Doganay, 2003). In addition, L. monocytogenes is capable of
causing materno-fetal infections, which can lead to miscarriages
or infected neonates with sequelae (Fanos and Dall’Agnola, 1999;
Schmidt et al., 2006; Gaini et al., 2015).

Nowadays, the Gram-positive, rod-shaped bacterium is widely
known for its food-borne infection pathways (Bintsis, 2017;
Luth et al., 2018). For decades, several outbreaks of food-
borne listeriosis were frequently reported in North America,
Europe, and in a few Asian countries (Wehr, 1987; Dalton
et al., 1997; Makino et al., 2005). L. monocytogenes is already
introduced to slaughterhouses and other food processing plants,
and because of its psychrophilic character, it is often found on
refrigerated food products like meat, milk, and fish (Wieczorek
and Osek, 2017; Arslan and Baytur, 2019; Hanson et al., 2019).

Interestingly, L. monocytogenes contaminations, especially of
meat and dairy products, ranked only 8th among the most
common disease outbreaks in the United States, following
pathogens such as different Salmonella serotypes, Clostridium
perfringens, Campylobacter jejuni, Escherichia coli, Bacillus
cereus, Staphylococcus aureus and Vibrio parahaemolyticus (CDC,
2017). However, the extent of L. monocytogenes infections
is devastating. Statistics showed that every infection with
L. monocytogenes lead to hospitalization (CDC, 2017; RKI, 2018).
If immunocompromised patients were affected, L. monocytogenes
infections were often lethal.

L. monocytogenes is able to grow in multi-species biofilms.
However, studies have shown that there is often competition
among pathogens in multi-species biofilms and L. monocytogenes
has much lower cell counts in the total population than in
monospecies biofilms (Jeong and Frank, 1994). However, the
pathogen in the multi-species biofilm showed a higher resistance
to disinfectants and chemicals than in monospecies biofilms
(Norwood and Gilmour, 2000).

The successful colonization of food processing plants by
L. monocytogenes is enabled by its ability to adhere to all
common surfaces occurring in food industry on which it can
form biofilms (Møretrø and Langsrud, 2004). After successful
adhesion, biofilms continue to grow and form sufficient
protection mechanisms against disinfection like Chlorine dioxide
(ClO2) and mechanical cleaning, which are commonly used in
the food processing industry (Blackman and Frank, 1996; Korany
et al., 2018; Hua et al., 2019). Conventional methods of food
decontamination for fresh food include peracitic acid, lactic
acid, chlorination and treatment with diluted CLO2 or ozone.
Chlorination of food is already banned in most European Union
(EU) countries due to human health hazards, but is still used
in The United States or Brazil (Nguyenthe and Carlin, 1994;
Baur et al., 2004; Rico et al., 2007; Jose and Vanetti, 2012).
The use of diluted CLO2 is permitted in the EU under well-
defined regulations in the industry. Due to the risk of infection
from fresh food, new innovative methods are increasingly being
researched, which are more efficient and less problematic than
previous methods, but at the same time simple and cost-effective
in its use and do not cause significant alterations to the product
itself (Misra et al., 2011). Since the efficiency of the washing and
sanitation processes are directly related to the microbiological
quality of the product, companies are interested in the continuous
optimization of these processes (Ramos et al., 2013; Do Rosario
et al., 2017). Investigations showed that plasma or PGCs do not
cause any changes in the texture and color of the food and
still cause a significant reduction in the bacterial contamination
(Vleugels et al., 2005; Xu et al., 2016; Go et al., 2019). Because
many plasma sources nowadays can be operated with ambient air
and tap water as a treatment source for food, the process is cost
efficient and ecological. The MidiPLexc used in this work fulfills
these requirements for a plasma source and could be used for
industrial purposes by upscaling (Schnabel et al., 2019a).

The establishment of new processes in food processing
facilities, such as PTW-dependent sterilization of food products
like fresh-cut vegetables or meat, is a time-consuming and
difficult process (Schnabel et al., 2019a, 2020). For this reason,
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it is even more important to show the effect of PTW against
food-dependent hosted pathogens. Therefore, this work provides
new insights about the antibacterial effect of microwave-induced
PTW against L. monocytogenes biofilms. Therefore, the aim
of this study is to visualize the impact of PTW treatment
by the MidiPLexc on L. monocytogenes biofilms in terms
of killing the cells to generate a comprehensive model of
the antimicrobial spectrum of PTW generated by microwave
induced plasma sources.

MATERIALS AND METHODS

Plasma Source
The MidiPLexc (Handorf et al., 2020a) is a microwave-driven
plasma source and an extension of the MiniMIP (Baeva et al.,
2012; Figure 1). In contrast to the MiniMIP, this plasma source
can be operated with compressed air instead of argon gas, which
leads to lower operation costs. In addition, it is possible to treat
different amounts of liquids with the microwave-induced plasma
gas, because of its integrated bottle adapter (Handorf et al.,
2020a,b). The bottle was filled with water and connected to the
operating plasma source. The effluent of the MidiPLexc extends
directly into the bottle and the formed PPA sinks down and
converts the water into PTW (Figure 1). This PTW is ready to use
and can be transported to the place of application. The MidiPLexc
was operated with compressed air as working gas and a gas flow
of 1 slm with a forward power of 80 W and a reverse power
of 20 W. After 30 min running time a stable gas flow could be
maintained and the effluent was ejected steadily and continuously
out of the plasma source.

Generation of the PTW by the MidiPLexc
A 1 l glass bottle was filled with 10 ml of deionized water
(DW) and integrated into the bottle adapter of the MidiPLexc
for the production of the PTW. In our experiments, we used
the terms pre- and post-treatment times. The pre-treatment
defines the contact time of the DW with the plasma gas and
the post-treatment is equivalent to the contact time of the PTW
with the biofilm. For the biological investigations, three different
pre-treatment times (100, 300, and 900 s) and three different
post-treatment times (1, 3, and 5 min) for each pre-treatment
time were used. Each post-treatment time for the biofilms was
performed in triplicates per experimental day. Each test was
performed in four biological replicates. This yielded in n = 12 for
each post-treatment time.

Bacterial Strain and Growth Conditions
L. monocytogenes (ATCC 15313) was used for cultivation because
of its well-known ability to form biofilms (Borges et al., 2012;
Vazquez-Sanchez et al., 2017). In the beginning, 1 l Brain
Heart Infusion (BHI) broth (Roth, Karlsruhe, Germany) was
prepared, autoclaved, and its pH value was adjusted to pH 6
by adding 10 M hydrochloric acid (HCl). This was adapted
according to the results of a previous study (Buchanan and Bagi,
1999). Additionally, the BHI medium was pumped through a
0.2 µm polyether sulfone (PES) filter system (VWR, Darmstadt,

FIGURE 1 | Schematic illustration of the MidiPLexc. The image shows the
MidiPLexc with a 1 l glass bottle connected to the bottle adapter below the
plasma source as a 3D model. Image is modified according to Handorf et al.
(2020a).

Germany) using a vacuum pump and was sterile filtrated
because of possible recontamination during the pH adaption.
A colony was removed from an inoculated agar plate using a
10 µl inoculation loop, which has been suspended in 50 ml
BHI medium afterward and was incubated for 24 h at 30◦C
without shaking. On the next day, 1 ml of the suspension was
adjusted to an optical density (OD) at 600 nm of 0.100 by
using 10 mm diameter polystyrene cuvettes in a UV-3100PC
Spectrophotometer (VWR). This suspension was used for biofilm
cultivation by pipetting 300 µl per well in a 96-well plate and
incubated again for 24 h at 30◦C without shaking to ensure cell
adhesion. Afterward, the medium was removed to discard the
non-adhered cells, and 300 µl of fresh medium was added. After
another 24 h of incubation at 30◦C in the dark without shaking,
the PTW treatment was started.

PTW, ClO2, Ethanol, and HCl Treatment
of L. monocytogenes Biofilms
After careful removal of the medium, 300 µl PTW produced
by the MidiPLexc for the different post-treatment times were
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added to the biofilms. The same procedure was done for the
investigations with ClO2, HCl and ethanol. As the different
chemicals have their own pH value and to avoid that the different
pH values have an influence on the antimicrobial properties of
the chemicals, their pH values were adjusted to the pH value of
the PTW to eliminate the pH effect. For these experiments, the
pH values were adjusted with 10 M HCl added to the ClO2 and
ethanol solution until the required pH value of 1.271 was reached.
For the HCl solution, 10 M NaOH solution was used to adjust the
pH value. In order to exclude a manipulation of the results by the
intrinsic absorption of ClO2, a blank value of the 15 ppm ClO2
solution before and after addition of the (2,3-Bis-(2-Methoxy-
4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilid) (XTT)
solution was measured photometrically and the absorption values
were subtracted from those of the samples.

Only one post-treatment time was performed at the same
time to avoid any drying effects on the biofilms. Afterward,
the solution was removed, and the biofilm was mechanically
detached from the surface by the shear forces of the liquid
through pipetting, before being dissolved in 300 µl phosphate
buffered saline (PBS) (pH 7.2; according to Sörensen). To
ensure the transfer of the entire biofilm, this step was repeated
two times in total, which resulted in a final suspension
volume of 600 µl. This suspension was used for colony-
forming units (CFU) assay (2.5), fluorescence assay (2.6), as
well as XTT assay (2.7). The mechanical detachment of the
biofilms was omitted for fluorescence microscopy (2.8), confocal
laser scanning microscopy (CLSM) (2.9), and atomic force
microscopy (AFM) (2.10).

Determination of the Remaining CFU
After PTW Treatment
To determine the CFU after PTW treatment of the biofilm, 100 µl
were taken from the 600 µl suspension (2.3), and a serial dilution
was performed. This was done by diluting the specimen in a ratio
of 1:10 with maximum recovery diluent (MRD; 0.85% NaCl, 1%
tryptone). The controls were finally diluted 1:1,000,000 and the
samples 1:1,000. Each dilution step was plated on BHI agar by
pipetting 10 µl per dilution onto the plate and spread out by using
the tilting technique. The plates were incubated for 24 h at 30◦C,
without shaking. The colonies for the respective dilution levels
were counted manually, and the CFU/ml values were calculated
by using the formula:

CFU =
10x

v
∗

∑
cy +

∑
cy+1

ny + 0, 1ny+1

where 10x is the dilution factor for the lowest dilution, v is the
volume of diluted cell suspension per plate in ml, 6cy is the
total number of colonies on all (ny) plates of the lowest evaluated
dilution level, 10−x, and 6cy+1 is the total number of colonies
on all (ny+1) plates of the next-highest dilution level evaluated,
10−(x+1). The calculation is explained in more detail in Bast
(2001) and Handorf et al. (2019).

The propagation of error was calculated for each treatment
group. This finally resulted in four different error propagations
for each treatment time, from which the weighted error was

calculated and used as error bars in the illustration (Figure 2;
Gränicher, 1994). The experiments were repeated fourfold with
n = 3, which finally resulted in n = 12. Additionally, the reductions
were expressed as reduction factors (RF) resulting from the
subtraction of the logarithmic value of the treated biofilms from
the logarithmic value of the control biofilms.

Fluorescence LIVE/DEAD Assay
The LIVE/DEAD BacLight Bacterial Kit (Thermo Scientific,
Waltham, United States) was used to detect membrane damage
of the bacteria caused by the plasma treatment and was prepared
according to the product description. For 300 µl sample, 0.9
µl of the applied dye was added to each well and the 96-
well plate was incubated for 15 min at room temperature in
the dark on a rotary shaker at 80 rpm. After the incubation
time, the 96-well plate was read with a microplate reader
(Varioskan-Flash, Thermo Scientific) at an excitation wavelength
of 470 nm and an emission wavelength of 530 nm for SYTO9 and
630 nm for propidium iodide (PI). Finally, the ratio Green/Red
cells (G/R) was calculated by dividing the two fluorescence
values obtained from one sample. The calculated values of
the samples were visualized as a percentage compared to the
control biofilm values and displayed using Origin 2019b software
(OriginLab, Northampton, United States). The experiments were
performed on four independent experiments with n = 3 per
sample. This corresponds to a total number of n = 12 per
test combination.

Fluorescence Microscopy
For fluorescence microscopy, the biofilms were cultivated and
observed in special transparent 96-well plates with glass bottom
(Eppendorf, Hamburg, Germany). These plates are tissue-culture
(TC)-treated like the polystyrene plates for the other tests to
ensure an equal surface for cell attachment. However, the glass
bottom offers a lower noise ratio, because of this we changed
to plates with glass bottom for the microscopy. Therefore, they
were stained with the LIVE/DEAD assay as it is mentioned
in (2.6) after plasma treatment, but without dissolving the
sample in 300 µl PBS. After staining, the fluorescent solution
was carefully removed from the biofilm and the biofilms
were microscopically examined with the Operetta CLS high
content imaging device (PerkinElmer, Hamburg, Germany).
Four fields of view were brought together digitally for the
total biofilm images. A 5x objective (air, NA = 0.16, Zeiss,
Oberkochen, Germany) was used. SYTO9 was excited by a
475 nm (110 mW) LED, and the fluorescence was collected with
a 525 ± 25 nm bandpass filter. PI was excited by a 550 nm
(170 mW) LED, and the emission light was collected through
a 610 ± 40 nm bandpass filter. Laser autofocus (785 nm)
provided exact focusing across all fields of view. Three stacks
were merged into a maximum intensity projection in order
to display topographic features in the z-plane (focus ± 25
µm). Thirty stacks with a distance of 1.5 µm between
each stack were assembled to 3D biofilms using a 40x air
objective (NA = 0.6). Three-dimensional reconstruction, image
stitching, and quantification were done using Harmony 4.8
software (PerkinElmer).
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FIGURE 2 | Colony-formingun its of Listeria monocytogenes biofilms after PTW treatment. The graph shows the colony forming units of Listeria monocytogenes
biofilms before and after plasma treatment. The data are presented in the form of a grouped bar chart where the values on the x-axis represent the different
pre-treatment times and the different bars represent the various post-treatment times. The experiment was performed in four independent experiments with three
technical replicates each. *p ≤ 0.05 and **p ≤ 0.005, tested with ANOVA. All treated groups were testes in relation to the control group.

CLSM
For CLSM, the biofilms were treated as mentioned before under
(2.3, 2.4, and 2.6). After staining the biofilms and removing the
supernatant, the samples were examined with the Zeiss LSM 510
microscope (Carl Zeiss, Jena, Germany) with a 63x objective
(water, NA = 0.1). For the detection of SYTO9, an argon laser
was used and excited at 488 nm and emitted at 505–530 nm using
a band pass filter. PI was also excited at 488 nm but emitted at
650 nm using a long pass filter. The 3D images of the biofilms
were displayed with the ZEN 2009 software (Carl Zeiss) on an
area of 100× 100 µm with z-stacks at a distance of 5 µm.

XTT Assay
The XTT assay visualizes cell vitality after plasma treatment
by detecting the metabolic activity of the cells and thus their
redox potential via trans-plasma membrane electron transport.
The activation solvent of the XTT solution contains N-methyl
dibenzopyrazine methylsulfate (PMS) as an intermediate electron
carrier and was mixed with the XTT solution in a ratio of 1:50.
This activated solution was brought together with the sample in
a 1:3 ratio and incubated for 20–24 h on a horizontal shaker

at 80 rpm and 37◦C in the dark. On the next day, the 96-
well plate was measured at 470 nm with the Varioskan Flash
device. In addition to the samples, the blank value, which consists
the activated XTT solution without sample, was measured in
threefold at 670 nm for each experiment and the mean value of
the three blank values was subtracted from the sample values. The
experiments were performed on four independent experiments
with n = 3 per sample. This corresponds to a total number of
n = 12 per test combination.

Atomic-Force Microscopy
Because the well plates cannot be measured directly with
the AFM, the biofilms were grown on sterile polyethylene
terephthalate, glycol-modified (PET-G) cover slips (13 mm,
Sarstedt, Nümbrecht, Germany). They were grown on 50 ml
Gelrite (Duchefa, Haarlem, Netherlands), which was pipetted
into the 12-well plate directly after autoclaving for curing. In each
well, 1 ml Gelrite was given on whose surface the Cover slips
were applied. However, the biofilms were cultured as described in
2.3 and treated as mentioned in 2.4, whereby the corresponding
volumes were adapted to the size of the plate and thus 1 ml
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BHI medium per well was added. For the AFM recordings only
the 5 min post-treatment times of the different pre-treatment
times were examined in addition to the controls due to the
complexity of the measurements. To avoid dehydration of the
samples, they were stored in humidity chambers for the duration
of the experiment. The AFM measurements were carried out on
a DI CP II SPM (Veeco, Plainview, United States), which was
mounted on a vibration-free object table (TS 150, TableStable,
Zwillikon, Switzerland). The setup was standing on an optical
bench encased by an additional acoustic protection. The AFM
was equipped with a linearized piezo scanner, on which the
coverslips were mounted on a metal sample holder with leading
tabs. The samples were measured using cantilevers (Bruker,
Karlsruhe, Germany) with nominal spring constants of k = 0.1–
0.6 N/m in contact mode. The pictures were taken by a scanning
speed of 0.4 Hz by a picture size of 20 µm2 and a set point = 8
N/m. Pictures were edited with Gwyddion (Czech Metrology
Institute, Brno, Czechia).

Scanning Electron Microscopy (SEM)
The biofilms were cultivated in 12-well plates as described under
2.10 and plasma generation was performed as described under
2.2. All biofilms were treated for 5 min with the PTW of the
different pre-treatment times. The control biofilm was treated
with PBS for the same post-treatment time. After treatment, the
biofilms grown on the cover slips were transferred to small plastic
dishes and placed in a desiccator. In the desiccator, the biofilms
were dried for 24 h at 1 mbar. The next day, the biofilms were
removed from the desiccator and prepared for SEM examination.
The biofilm samples were placed in a vacuum chamber for 24 h
and then coated with a thin electrically conductive layer of gold in
a sputtering coater SCD 050 (Bal-Tec, Switzerland). The coating
of the sample made it possible to eliminate the electrical charging
of the sample in a scanning electron microscope (SEM) in order
to suppress artifacts in SEM micrographs. Samples prepared in
this way were analyzed in SEM Jeol JSM7500F microscope. The
SEM was operated in a gentle beam mode: accelerating voltage 2
kV, working distance 3 mm, and magnification 10–50 k.

RESULTS

Optimal Treatment Window of
Pre-treatment and Post-treatment Times
Concerning the Reduced Proliferation of
Biofilm Cells
In terms of an optimal treatment window of L. monocytogenes
biofilms, the effect on the proliferation ability of the pathogen
was investigated, and it was demonstrated at which settings
a significant reduction in the proliferation ability could be
achieved. The proliferation assay showed a reduction of
1.95 × 108 cells (RF of 1.71, p = 0.0067) already after
100 s pre-treatment time, 1 min post-treatment time. This
is on the rise with increasing post-treatment times (RF of
2.66 after 5 min, p = 0.0066). With a longer pre-treatment
time, even a stronger reduction could be observed, which

corresponds to an RF of 3.84 (300 s, 1 min, p = 0.0022),
as well as a RF of 3.73 (900 s, 3 min, p = 0.0207;
Figure 2). With a pre-treatment time of 300 s and longer,
the highest reductions were achieved with a post-treatment
time of 3 min and slightly lower reductions were achieved
with longer post-treatment times (5 min) (Figure 2). In
terms of total cell counts, the strongest influence on cell
proliferation was measured after 300 s, 3 min PTW treatment.
In total, a maximum reduction of L. monocytogenes biofilm
cells from 2.67 × 108 to 4.68 × 103 (reduction of 4.7 log10,
p = 0.0022) was achieved.

PTW Treatment Leads to a Strong
Reduction in the Vitality of Biofilm Cells
The results of the LIVE/DEAD assay provide informations about
membrane damages of the cells and thus their vitality. The results
of the vitality assay at a pre-treatment time of 100 s showed that
a significant reduction of vitality by 25.9 ± 11.5% (p = 0.5 ×
10−5) could only be achieved after 5 min post-treatment time
(Figure 3). With a pre-treatment time of 300 s, a reduction by
45.8 ± 12.4% (p = 1.07 × 10−6) could be achieved after 1 min
post-treatment time. This increased progressively to 58.1± 3.5%
(300 s, 3 min, p = 9.26 × 10−10), and 64.5 ± 6.1% (300 s, 5 min,
p = 5.25 × 10−9; Figure 3, center). The increased reduction
could also be measured at 900 s pre-treatment time. In this
case, the strongest measured reduction in vitality by 69.5 ± 2.1%
(p = 2.43 × 10−10) occurred after 5 min post-treatment time
(Figure 3, right).

FIGURE 3 | LIVE/DEAD assay of Listeria monocytogenes biofilms after PTW
treatment. The figure shows the LIVE/DEAD assay of Listeria monocytogenes
biofilms after treatment with plasma-treated water. The different bars show the
control biofilms and the different post-treatment times and the x-axis shows
the different pre-treatment times of the water. The experiment was performed
in four independent experiments with three technical replicates each.
*p ≤ 0.05 and ***p ≤ 0.0005, tested with ANOVA. All treated groups were
testes in relation to the control group.
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The Reduction of the Metabolism of
Biofilm Cells Was Only Detectable After
Long Pre-treatment and Post-treatment
Times
By measuring the reduction of the metabolic activity of the
biofilm cells after PTW treatment with the XTT assay, no
significant changes could be observed at 100 s pre-treatment time
despite the length of the post-treatment time (Figure 4, left). If
PTW was used, which was treated with the MidiPLexc for 300 s,
only very low reductions with a maximum of 9.1 ± 1.77% (300
s, 5 min, p = 4.276 × 10−14) could be detected in the various
post-treatment times (Figure 4, center). At 900 s pre-treatment
time, comparable reductions of 11.4 ± 0.89% (900 s, 3 min,
p = 1.041 × 10−8) could be detected. However, a significantly
higher reduction of 47.95 ± 9.47% (p = 1.073 × 10−5) could be
demonstrated at 900 s pre-treatment and 5 min post-treatment
time, where the dynamic effect of the metabolism of the cells
began (Figure 4, right).

The Antimicrobial Characteristics of
Substances Frequently Used in the Food
Industry Are Partially pH Value Specific
In order to give an idea of the extent to which the effect
of PTW is comparable to conventional industrial disinfectants
and substances used to remove biofilms, it was compared with

these substances concerning the proliferation ability, vitality and
metabolic activity of the cells after treatment. The treatment of
DW for 900 s led to a pH value of 1.27. To investigate whether
the antimicrobial effect of PTW compared to 15 ppm (15 mg/l)
ClO2 was based on the different pH values of these solutions,
the antimicrobial effect of these substances in their original pH
value were compared with the antimicrobial effect of the pH
values adapted to the pH value of the PTW with respect to
CFU (Figure 5A), fluorescence (Figure 5B), and XTT assay
(Figure 5C). The CFU count showed a strong pH dependence for
ClO2 and a slight dependence for 10 M HCl (Figure 5A). These
effects were confirmed in the fluorescence assay. Here, a strong
pH dependence could also be observed for ClO2 (Figure 5B).
However, a strong dependence for 10 M HCl also becomes
apparent in this case. Interestingly, the effect on cell metabolism
for all substances is extremely pH dependent. In this case, a clear
effect could also be observed with 70% alcohol (Figure 5C). ClO2
in its used concentration (15 ppm) has a pH value of 4.288, which
means that the pH value was lowered by 3.017 in the experiment.
This showed that ClO2 only unfolds its antimicrobial effect in
very low pH ranges. Nevertheless, the antimicrobial effect of ClO2
could exceed that of PTW only in the XTT assay at low pH
values (Figure 5C). Here a reduction of the metabolism by 89%
(p = 1.873 × 10−8) was achieved compared to 33% (p = 0.013)
by PTW. With 10 M HCl, the effect was antagonistic. Here
the pH value of the 10 M HCl, which was –1.609 in the used
concentration, was increased by a pH value of 2.88. This has only

FIGURE 4 | XTT assay of Listeria monocytogenes biofilms after PTW treatment. The influence on the metabolic activity of the biofilms after treatment with plasma
treated water is shown in this image. The grouped bar chart shows the different post-treatment times and the x-axis shows the different pre-treatment times of the
biofilms. The experiment was performed in four independent experiments with three technical replicates each. *p ≤ 0.05 and ***p ≤ 0.0005, tested with ANOVA. All
treated groups were testes in relation to the control group.
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FIGURE 5 | Comparison of the effects of PTW, ClO2, 10 M HCl, and 70% Alcohol against L. monocytogenes biofilms investigating CFU, Fluorescence and XTT
assay and influence of the pH value concerning these effects. (A) CFU assay of L. monocytogenes biofilms after treatment with different chemicals frequently used in
the food industry with their own pH value after preparation and compared with the results of the chemicals adapted to the pH value of the PTW of 1.271.
(B) Fluorescence assay of L. monocytogenes biofilms (C) XTT assay of L. monocytogenes biofilms. *p ≤ 0.05, **p ≤ 0.005, and ***p ≤ 0.0005, tested with ANOVA.
All treated groups were testes in relation to the control group.

a slightly weaker effect on the proliferation of the cells with 10
M HCl, but a very strongly weakened effect on the vitality and
metabolism of the cells.

Fluorescence Microscopy Revealed
Inactivation Kinetics From the Top to the
Bottom of the Biofilm
Fluorescence microscopy should give a visual impression of the
effects of PTW treatment against the biofilms. All fluorescence
microscopic images were inverse footages of the biofilms.
The cells of the untreated biofilm showed only vital (green
fluorescence) cells (Figure 6A). The 3D images of the same
footage confirmed this and showed a very dense biofilm with
mushroom-shaped ridges within the biofilm extending to a
height of about 60 µm, whereas the average biofilm was limited
to a thickness of about 20 µm. This area was characterized
by a strong staining, which resulted in a very dense structure
compared to the mushroom-shaped areas (Supplementary
Figure 1). The biofilms showed progressively more inactivated
cells using 900 s pre-treated PTW (Figures 6B–J). The 3D
image of this biofilm showed a nearly complete dead biofilm
(Supplementary Figure 2). Only a few very small hotspots of
living cells were visible in the biofilm. The dynamics comparing
the different treatment times showed that the inactivation started
in the center and expanded to the outside (Figures 6B–E).

CLSM Showed a Partial Inactivation of
Biofilms Predominantly in the Central
Area
In contrast to fluorescence microscopy, CLSM 3D models could
be used to display images of the entire biofilm and not just specific
areas. This gave a good overview of the holistic effects of PTW
treatment. The control biofilms showed continuous living cells
and a relaxed structure (Figure 7, topographical view). After 100
s pre-, 5 min post-treatment time, no changes in the LIVE/DEAD
staining of the biofilm cells could be detected. Only living cells
were visible in the biofilm, but the biofilm appeared much denser

compared to the control biofilm (Figure 7, see 100 s pre-, 5 min
post-treatment). After 300 s pre-, 5 min post-treatment time,
no changes in the thickness of the biofilms compared to the
control biofilm could be detected. The biofilms were about 10
µm thick as well as the control biofilms. However, mainly cells
in the central area of the biofilm were stained yellow, which
indicates inactivation of the cells but no death (Figure 7, see
300 s pre-, 5 min post-treatment). After 900 s pre-, 5 min post-
treatment, there was, no change in the staining of the cells visible
compared to the 300 s pre-treatment. However, there was a
significant removal of biofilm mass of about 6 µm, resulting in
a biofilm thickness of 4 µm (Figure 7, see 900 s pre-, 5 min
post-treatment). The biofilm matrix have appeared flat with a
homogenous structure.

AFM Images Showed Alterations in the
Plasticity of the Biofilm Surface
With the help of AFM images, conclusions could be drawn from
the PTW treatment on the surface condition of the biofilms.
The AFM images of the control biofilms showed long blurred
structures of the biofilm surface, which allowed conclusions
about the softness of the surface (Figure 8A). These long error
lines indicate that the surface is very soft and the needle of the
cantilever cannot reproduce it correctly and pushes the actual
contour as it moves. This results in such long lines (Figure 8A). In
contrast, the treated biofilms could be displayed very well defined
and structured (Figure 8B). Concerning the cell morphology,
there was hardly any change visible after treatment. However,
comparing the biofilm surface structure of increasing treatment
times led to the conclusion that the cells appeared significantly
larger and somehow swollen (Figures 8B–D).

SEM Confirmed Membrane Damages of
the Biofilm Cells After Plasma Treatment
SEM images demonstrated cell alterations by the PTW treatment
(Figure 9). Morphological analysis showed that the bacteria
surface of the control sample is compact and full (Figure 9A).
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FIGURE 6 | Fluorescence microscopy of Listeria monocytogenes biofilms after PTW treatment. The images show inverse footage of the Listeria monocytogenes
biofilms. The pre-treatment time defines the time period in which the water came into contact with the plasma gas. The post-treatment time is the period of time
where the PTW came into contact with the biofilm. The biofilms are stained with SYTO9 (green) for living cells and propidium iodide (PI) (red) for dead cells.
(A) Control biofilm (B) 100 s pre-treatment, 1 min post-treatment (C) 100 s pre-treatment time, 3 min post-treatment time (D) 100 s pre-treatment, 5 min
post-treatment (E) 300 s pre-treatment, 1 min post-treatment (F) 300 s pre-treatment, 3 min post-treatment (G) 300 s pre-treatment, 5 min post-treatment (H) 900
s pre-treatment, 1 min post-treatment (I) 900 s pre-treatment, 3 min post-treatment (J) 900 s pre-treatment, 5 min post-treatment.

In contrast to this, treated bacteria samples suggest a flat
morphology and some of them are completely crushed, as shown
by detailed sections at 50 k magnification (Figures 9B–D). All
samples show the nanostructured texture of the gold layer and
short cracks in the surface, which are related to the coating
process in vacuum (Figure 9).

DISCUSSION

Key findings:

• The most important factor in relation to the antimicrobial
effect of PTW is the treatment time of the water with
the plasma source and the associated concentration with
reactive species.
• The antimicrobial effect against L. monocytogenes is

relatively low. This contrasts with the already known
antimicrobial effect of this PTW against P. fluorescens.
• Comprehensive investigation of antimicrobial activity

using multiple biological assays such as CFU, fluorescence
and XTT is crucial to draw conclusions about the
antimicrobial effect.
• Reactive nitrogen species play a crucial role in the

antimicrobial activity of the microwave-induced plasma
source MidiPLexc.
• Plasma treatment leads to membrane damage of

the biofilm cells.

The detailed mechanisms of the PGC effects remain unclear,
but recent studies revealed a coherence of the antimicrobial
potential with the concentration of reactive oxygen (ROS) and

nitrogen (RNS) species (Handorf et al., 2020a,b). The microwave-
induced MidiPLexc plasma source provides a temperature regime
that favors the production of RNS such as nitrate (NO3

−),
nitrite (NO2

−), and nitrogen monoxide (NO). Beside these
dominating compounds, peroxynitrite (ONOO−) and hydrogen
peroxide (H2O2) has been generated in various quantities and
may be considered as intermediates for more stable RNS or ROS,
respectively (Handorf et al., 2020a).

Generally, the acidic character of the PTW increases its
antimicrobial effect (Oehmigen et al., 2010), by contributing to
chemical redox reactions within the PTW (Ikawa et al., 2010).
For instance, the reaction of ONOO− to the peroxonitric acid
(HNO4) seems to be a pivotal factor. This is, followed by the
reactions of nitrous acid (HNO2) and nitric acid (HNO3), which
derive from NO2

− and NO3
−, respectively, and seem to be

responsible for the antimicrobial effect of PTW.
An influence of the temperature can be excluded (Handorf

et al., 2020a). Even direct biofilm treatments with the MiniMIP,
the previous version of the MidiPLexc, revealed no temperature
influences on the antimicrobial behavior against biofilms
(Handorf et al., 2019). Additionally, the temperature increases
by approximately 3.5◦C only during the production of PTW
with the MidiPLexc (Handorf et al., 2020a). Consequently, the
antimicrobial effect of a PTW solution is achieved by the reactive
oxygen/nitrogen species (RONS).

The investigation of the effects of PTW in the field of
decontamination of food and surfaces in food production is
still in its infancy. While there have been numerous studies
investigating the effects of plasma gas on food products
(Frohling et al., 2012; Rod et al., 2012; Schnabel et al.,
2015a, 2018; Tappi et al., 2016), surfaces (Li et al., 2012;
Scholtz et al., 2015; Govaert et al., 2019), and packaging
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FIGURE 7 | Confocal laser scanning microscopy (CLSM) of Listeria monocytogenes biofilms after PTW treatment. The picture shows the untreated control biofilm
and the Listeria monocytogenes biofilms processed with plasma-treated water in confocal laser scanning microscopy (CLSM). Left panels show a topographical
view of the biofilm layer (height view of the biofilms in µm). Central and right panels show 3D images with a top and a bottom view of the biofilms, respectively. The
pre-treatment time is the processing time of the water by the plasma source (MidiPLexc) and the post-treatment time is the contact time of the PTW with the biofilm.
For each biofilm, an area of 100 × 100 µm is visualized.
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FIGURE 8 | Atomic-force microscopy (AFM) of Listeria monocytogenes
biofilms after PTW treatment. AFM images of Listeria monocytogenes biofilms.
Left) topographical images right) error images. The pre-treatment time defines
the period in which the water were exposed to the plasma gas. The
post-treatment time represents the period, where the PTW were exposed to
the biofilm. (A) Control biofilm (B) 100 s pre-treatment, 5 min post-treatment
(C) 300 s pre-treatment, 5 min post-treatment (D) 900 s pre-treatment, 5 min
post-treatment.

(Pankaj et al., 2014; Schnabel et al., 2015b), less has been reported
about the treatment with PTW (Jung et al., 2015; Xu et al., 2016;
Thirumdas et al., 2018; Yong et al., 2018). The treatment of
L. monocytogenes monospecies and multispecies biofilms with
Pseudomonas fluorescens on lettuce with plasma gas resulted

FIGURE 9 | Scanning-electron microscopy (SEM) of Listeria monocytogenes
biofilms after PTW treatment. SEM images of Listeria monocytogenes
biofilms. (A) Control biofilm (B) 100 s pre-treatment, 5 min post-treatment (C)
300 s pre-treatment, 5 min post-treatment (D) 900 s pre-treatment, 5 min
post-treatment. The red arrows indicated cells with membrane damages.

in reductions to undetectable levels after 60 s treatment time
for the monospecies biofilms and a reduction of 2.2 log10
steps for L. monocytogenes in a multispecies biofilm with
P. fluorescens (Patange et al., 2019a). It has been shown that
multispecies biofilms of L. monocytogenes showed a higher
resistance against plasma gas than monospecies biofilms. In our
work, we demonstrated that L. monocytogenes biofilms have a
much higher resistance against PTW than other bacteria like
P. fluorescens (Handorf et al., 2020b).

The results of CFU, fluorescence and XTT assay clearly show
that the pre-treatment time and thus the concentration of PTW
with reactive species is of more crucial importance than the post-
treatment time and thus the reaction time of PTW with the
biofilm. This also indicates that the antimicrobial effect of PTW
occurs relatively rapid. Comparing the results of the fluorescence
assay with those of the XTT assay, the result shows that the
cells of the biofilm suffer membrane damage but still have an
intact metabolism. This is one of the most significant signatures
that the cells were not killed but only attacked by the PTW
treatment. It is known that especially Gram-positive cells with
membrane damage can still survive or even reverse membrane
permeabilization (Garcia et al., 2007).

In the field of antimicrobial research of plasma and PGCs,
the effect of these substances on the extracellular polymeric
substances (EPS) of biofilms is becoming increasingly important.
However, the effect of PTW on different EPS is still not fully
understood. Thus, a comparison with other studies is very
difficult, since in addition to the plasma source and application
method (PPA or PTW), the pathogen strain (Doijad et al., 2015),
growth time and treatment time also play an important role. In
addition, the growth temperature (Patange et al., 2019a) and the
overgrown material or food product (Ziuzina et al., 2015) also
have a decisive influence. A previous conducted and comparable
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study to this work showed the effect of PTW on P. fluorescens
monospecies biofilms. It demonstrated a reduction of 6 log10
steps compared to a control biofilm with a CFU of 10 log10.
Mechanistically, a clear removal of the biofilm material by the
PTW treatment could be proven as well as cell death within that
work (Handorf et al., 2020b). In the present study, a reduction
of about 5 log10 steps compared to a control biofilm of 8 log10
was detectable (2.5). The CFU shows that higher post-treatment
times sometimes show worse results than lower ones. This can
be explained by the fact that the cells tend to form clusters
after prolonged contact with PTW. This seems to be a defense
mechanism, whereby the outer cells of the cluster protect the
internal cells and thus more cells survive (Steenackers et al.,
2016; Handorf et al., 2020b). However, this only protects to a
limited extent, so that significantly longer treatment times also
lead to cluster killing. The important difference compared with
the previous study, however, lies in the vitality and metabolism
results and in the microscopic analysis. For the L. monocytogenes
biofilms, a removal of the biofilm material could also be proven,
but a significantly lower effect in the LIVE/DEAD assay in
combination with the 3D image of the CLSM (Supplementary
Material). On the one hand, this again showed the compelling
evidence of further investigations concerning the effects of PTW
besides the CFU assay and, on the other hand, it rather indicates
an inactivation of the cells more than cell death (2.6).

The effect of PTW compared to conventional disinfection
methods such as alcohol disinfection of surfaces or ClO2 as a
wash water additive shows that PTW could act as an innovative
addition to these agents. PTW could also be used directly for
the produce in the same way as diluted ClO2 solution (Trinetta
et al., 2012), but also for surface disinfection like alcohol (Lembke,
2001). Interestingly, ClO2 shows hardly any microbial effect
without additional acidification. Seventy percent alcohol shows
a stronger effect than PTW, but cannot be used directly on
the produce. The fuming hydrochloric acid served as positive
control and shows that L. monocytogenes even at these acidic
pH values partly survives better than the alkaline alcohol. This
could also be an indicator for the better effectiveness of PTW
against Gram-negative bacteria. Even with fuming hydrochloric
acid, some of the cells were still able to proliferate, although an
negligible amount.

PTW treatments can lead to changes in cell morphology and
thus in the structural nature of the entire biofilm (Begum et al.,
2018). This could also be proven with the results of AFM. The
long error lines in the control biofilm (Figure 8A) are caused
by changes in the nature of the biofilm surface. If the surface is
particularly soft, these error lines can occur. The applied force of
the cantilever causes the cantilever to sink into the surface and
during the movement across the biofilm, the cantilever cannot
reproduce the structure correctly. On the contrary, the treated
biofilms are perfectly visualized, which means that the surface
becomes stronger and stiffer.

The effect of plasma on the extracellular matrix can be
decisive. Various studies have already demonstrated the effect
of plasma on the EPS of biofilms (Srey et al., 2014; Ziuzina
et al., 2014; Bourke et al., 2017; Gilmore et al., 2018). Studies
have shown that different species can produce various amounts

of EPS (O’Toole et al., 2000; Vu et al., 2009). Furthermore, the
composition of the different EPS of the pathogens could also play
an important role. P. fluorescens generates EPS matrix, which is
rich in proteins and carbohydrates. The dominant components
are proteins, which may explain the mucous nature of the
biofilms in combination with polysaccharides (O’Toole et al.,
2000; Simoes et al., 2003; Molobela et al., 2010). L. monocytogenes,
strain ATCC 15313 forms a thick and compact matrix, which
seems to contain much less EPS, which mainly covers the
overgrown surface. The EPS of L. monocytogenes consists of
mainly polysaccharides and teichoic acids (Colagiorgi et al.,
2016). These results showing the differences in the physical
composition of the biofilm and its properties and therefore,
could explain their higher resistance to plasma treatment. With
the help of SEM images, it could be shown that the cells were
altered by the PTW treatment (Figure 9). After plasma treatment,
a stronger fragmentation could be observed (Figures 9B–
D). This could explain the variation between control biofilms
and plasma-treated biofilms in the AFM images (Figure 8).
Nevertheless, these results showed that the effect of PTW
against L. monocytogenes biofilms justifies investigations that
are more intensive.

This raises the question about the effect of plasma treatments
against EPS. It is well established that EPS has a protective effect
for the biofilm during plasma treatment with plasma gas or direct
contact with the plasma effluent. However, the results of this work
in combination with previous work showed a rather antagonistic
effect (Handorf et al., 2020b). This could be due to the high
water binding capacity of the biofilm (Allison, 2003; Evans,
2005; Flemming and Wingender, 2010). Macroscopically, when
treating the biofilms with PTW, it is easy to see that the PTW is
partly completely absorbed by the biofilm. This absorption leads
to a certain dilution effect of the concentrated components of
the PTW, but also to a longer contact time with the cells of the
biofilm beyond the actual post-treatment time. This may explain
why Gram-negative pathogens like P. fluorescens, which form a
much thicker biofilm, are more susceptible to PTW treatment.
Since it is generally accepted that the thicker the biofilm, the
less frequently the cells in the lower layers of the biofilm are
affected (Mah and O’Toole, 2001). Due to the high water content
of the ECM, the PTW seems to overcome this effect, quickly
dissolve the components of the PTW in the water of the ECM,
and thus distribute them in the biofilm. This leads to the fact
that the ECM is partially destroyed by the PTW treatment, which
leads to the fact that the spaces between the cells of the biofilm
become smaller and the biofilm mass shrinks. This phenomenon
could explain why the biofilm appears denser at high PTW
treatments in the CLSM images. With the high concentrations of
NO2

− and NO3
−, as used after the pre-treatment times applied

for L. monocytogenes biofilm treatment, the dilution effects of
the EPS play a rather minor role (Handorf et al., 2020a). With
regard to the application, a further concentration of the water
contained in the EPS by subsequent plasma gas treatment could
have a far-reaching synergistic effect. This effect has already been
demonstrated in previous work and will most likely be further
enhanced by the enrichment of the PTW components in the
biofilm matrix (Schnabel et al., 2019b).
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This basic research offers an extension of existing knowledge
on the direct treatment of food products on an industrial scale.
For this purpose, lettuce samples have already been treated with
PTW according to industrial standards and examined for its
qualitative change in color and microbial load (Schnabel et al.,
2019b, 2020, 2021).

Summarizing, this work shows the complexity of the problem
of microbiological contamination in the food production
industry. Different pathogens and applications require different
experimental setups. Therefore, the choice of plasma source,
settings and treatment times must always be adapted to the
fundamental problem in the industry. The plasma source
shown in this paper has the advantage that it is small, can
be easily set up in different locations, and has a suitcase
variant for transport. Furthermore, the produced PTW can
be easily transported in bottles. Thus, the plasma source can
be positioned directly in the desired area of the industrial
plant. Due to the operation with compressed air, this plasma
source creates a large cost reduction compared to conventional
plasma sources, which normally work with noble gases such
as argon as carrier gas, especially in continuous operation.
The disadvantage of this plasma source is the relatively small
amount of water volume, which can be further processed
to PTW. More than 10 ml per treatment should not be
produced with this plasma source. However, this is not directly
disadvantageous, since this plasma source is only a model
variant for already upscaled plasma sources, which are based
on the same principle and are already used in pilot scale
facilities in the industry. Thus, this study forms an additional
data acquisition as a supporting database to the already used
upscaled plasma sources.

CONCLUSION

This work vividly demonstrates the complexity of the
effect of PGCs on L. monocytogenes biofilms. The complex
implementation of microbiological methods and their
interpretation as a sophisticated system clearly showed that
these investigations could only be evaluated as an all-
embracing system. While single results like the CFU showed
considerable reductions, the microscopic images show rather
minor membrane damages of the cells. In comparison to
already published studies, this work shows that a decisive factor
in the antimicrobial effect of PTW is the cell wall structure
of the bacteria and those Gram-positive pathogens such as
L. monocytogenes seems to be much more resistant to PTW

treatment than Gram-negative pathogens like P. fluorescens. This
is of crucial importance for industrial applications.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

OH, KR, and JE: conceptualization. OH, VP, TW, JS, EF, and SB:
methodology. OH, VP, TW, JS, and SB: software and validation.
OH: formal analysis, investigation, data curation, and writing—
original draft preparation. KR and JE: resources and project
administration. TW, JS, US, SB, KR, and JE: writing—review and
editing. OH, VP, TW, JS, and SB: visualization. US: supervision.
VP, SB, and KR: funding acquisition. All authors have read and
agreed to the published version of the manuscript.

FUNDING

This research was funded by the DFG “German Research
Association,” Grant no: CRC TRR34, and subproject A3 (KR
and VP). This research was also funded by the BMBF
“German Federal Ministry of Education and Research,” Grant
no: 03Z22DN11 (SB and EF). The funding was provided in the
form of project-related funds for the acquisition of materials and
jobs. The funding agencies had no influence on the results of this
study. The publication fees will granted by the Leibniz Institute
for Plasma Science and Technology (INP) Greifswald.

ACKNOWLEDGMENTS

We would like to thank Dr. Katja Fricke for the provision of
the AFM. We would also like to thank the Imaging Center of
the Department of Biology, University of Greifswald for the
provision of the CLSM.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.652481/full#supplementary-material

REFERENCES
Allison, D. G. (2003). The biofilm matrix. Biofouling 19, 139–150.
Andrasch, M., Stachowiak, J., Schlüter, O., Schnabel, U., and Ehlbeck, J. (2017).

Scale-up to pilot plant dimensions of plasma processed water generation for
fresh-cut lettuce treatment. Food Pack. Shelf Life 14, 40–45.

Arslan, S., and Baytur, S. (2019). Prevalence and antimicrobial resistance of Listeria
species and subtyping and virulence factors of Listeria monocytogenes from
retail meat. J. Food Saf. 39:e12578.

Baeva, M., Bösel, A., Ehlbeck, J., and Loffhagen, D. (2012). Modeling of microwave-
induced plasma in argon at atmospheric pressure. Phys. Rev. E 85:056404.

Banach, J. L., Sampers, I., Van Haute, S., and Van Der Fels-Klerx, H. J. (2015).
Effect of disinfectants on preventing the cross-contamination of pathogens in
fresh produce washing water. Int. J. Environ. Res. Public Health 12, 8658–8677.
doi: 10.3390/ijerph120808658

Bast, E. (2001). Mikrobiologische methoden. Elsevier 2:429.
Baur, S., Klaiber, R., Hammes, W. P., and Carle, R. (2004). Sensory and

microbiological quality of shredded, packaged iceberg lettuce as affected by

Frontiers in Microbiology | www.frontiersin.org 13 April 2021 | Volume 12 | Article 652481

https://www.frontiersin.org/articles/10.3389/fmicb.2021.652481/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.652481/full#supplementary-material
https://doi.org/10.3390/ijerph120808658
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-652481 April 22, 2021 Time: 14:55 # 14

Handorf et al. Antimicrobial Effect of Plasma-Treated Water

pre-washing procedures with chlorinated and ozonated water. Innovat. Food
Sci. Emerg. Technol. 5, 45–55. doi: 10.1016/j.ifset.2003.10.002

Begum, A., Chiba, R., Ishijima, T., Kakikawa, M., Taoka, A., Pervez, M. R., et al.
(2018). Gradual deformation of bacterial cell morphology due to the effect
of nonthermal atmospheric pressure plasma jet-treated water (PTW). IEEE
Transact. Radiat. Plas. Med. Sci. 2, 360–368. doi: 10.1109/trpms.2018.2829176

Bintsis, T. (2017). Foodborne pathogens. AIMS Microbiol. 3, 529–563.
Blackman, I. C., and Frank, J. F. (1996). Growth of Listeria monocytogenes as

a biofilm on various food-processing surfaces. J. Food Protect. 59, 827–831.
doi: 10.4315/0362-028x-59.8.827

Borges, A., Saavedra, M. J., and Simoes, M. (2012). The activity of ferulic and gallic
acids in biofilm prevention and control of pathogenic bacteria. Biofouling 28,
755–767. doi: 10.1080/08927014.2012.706751

Bourke, P., Ziuzina, D., Han, L., Cullen, P. J., and Gilmore, B. F. (2017).
Microbiological interactions with cold plasma. J. Appl. Microbiol. 123, 308–324.
doi: 10.1111/jam.13429

Buchanan, R. L., and Bagi, L. K. (1999). Microbial competition: effect of
Pseudomonas fluorescens on the growth of Listeria monocytogenes. Food
Microbiol. 16, 523–529. doi: 10.1006/fmic.1998.0264

Büla, C. J., Bille, J., and Glauser, M. P. (1995). An epidemic of food-borne Listeriosis
in Western Switzerland - description of 57 cases involving adults. Clin. Infect.
Dis. 20, 66–72. doi: 10.1093/clinids/20.1.66

CDC (2017). Surveillance for Foodborne Disease Outbreaks United States, 2017:
Annual Report. Center for Disease Control and Prevention – Annual Report.
Atlanta, GA: CDC, 1–15.

Colagiorgi, A., Di Ciccio, P., Zanardi, E., Ghidini, S., and Ianieri, A. (2016). A Look
inside the Listeria monocytogenes biofilms extracellular matrix. Microorganisms
4:22. doi: 10.3390/microorganisms4030022

Cullen, P. J., Lalor, J., Scally, L., Boehm, D., Milosavljevic, V., Bourke, P., et al.
(2018). Translation of plasma technology from the lab to the food industry. Plas.
Proces. Polym. 15:8850.

Dalton, C. B., Austin, C. C., Sobel, J., Hayes, P. S., Bibb, W. F., Graves, L. M., et al.
(1997). An outbreak of gastroenteritis and fever due to Listeria monocytogenes
in milk. N. Engl. J. Med. 336, 100–105.

Dhama, K., Verma, A. K., Rajagunalan, S., Kumar, A., Tiwari, R., Chakraborty, S.,
et al. (2013). Listeria monocytogenes infection in poultry and its public health
importance with special reference to food borne zoonoses. Pakis. J. Biol. Sci. 16,
301–308. doi: 10.3923/pjbs.2013.301.308

Disson, O., and Lecuit, M. (2012). Targeting of the central nervous system by
Listeria monocytogenes. Virulence 3, 213–221. doi: 10.4161/viru.19586

Do Rosario, D. K. A., Mutz, Y. D., Peixoto, J. M. C., Oliveira, S. B. S., De Carvalho,
R. V., Carneiro, J. C. S., et al. (2017). Ultrasound improves chemical reduction
of natural contaminant microbiota and Salmonella enterica subsp enterica on
strawberries. Int. J. Food Microbiol. 241, 23–29. doi: 10.1016/j.ijfoodmicro.2016.
10.009

Doganay, M. (2003). Listeriosis: clinical presentation. Fems Immunol. Med.
Microbiol. 35, 173–175. doi: 10.1016/s0928-8244(02)00467-4

Doijad, S. P., Barbuddhe, S. B., Garg, S., Poharkar, K. V., Kalorey, D. R., Kurkure,
N. V., et al. (2015). Biofilm-forming abilities of Listeria monocytogenes serotypes
isolated from different sources. PLoS One 10:e0137046. doi: 10.1371/journal.
pone.0137046

Drevets, D. A., and Bronze, M. S. (2008). Listeria monocytogenes: epidemiology,
human disease, and mechanisms of brain invasion. Fems Immunol. Med.
Microbiol. 53, 151–165. doi: 10.1111/j.1574-695x.2008.00404.x

Evans, L. V. (2005). Biofilms: Recent Advances in Their Study and Control. Boca
Raton, FL: CRC Press, 490.

Fanos, V., and Dall’Agnola, A. (1999). Antibiotics in neonatal infections – A review.
Drugs 58, 405–427. doi: 10.2165/00003495-199958030-00003

Ferreira, V., Wiedmann, M., Teixeira, P., and Stasiewicz, M. J. (2014). Listeria
monocytogenes persistence in food-associated environments: epidemiology,
strain characteristics, and implications for public health. J. Food Protect. 77,
150–170. doi: 10.4315/0362-028x.jfp-13-150

Flemming, H. C., and Wingender, J. (2010). The biofilm matrix. Nat. Rev. Microbiol.
8, 623–633.

Frohling, A., Durek, J., Schnabel, U., Ehlbeck, J., Bolling, J., and Schluter, O.
(2012). Indirect plasma treatment of fresh pork: decontamination efficiency and
effects on quality attributes. Innovat. Food Sci. Emerg. Technol. 16, 381–390.
doi: 10.1016/j.ifset.2012.09.001

Gaini, S., Karlsen, G. H., Nandy, A., Madsen, H., Christiansen, D. H., and Borg,
S. A. (2015). Culture negative Listeria monocytogenes meningitis resulting
in hydrocephalus and severe neurological sequelae in a previously healthy
immunocompetent man with penicillin allergy. Case Rep. Neurol. Med.
2015:248302.

Garcia, D., Gomez, N., Manas, P., Raso, J., and Pagan, R. (2007). Pulsed electric
fields cause bacterial envelopes permeabilization depending on the treatment
intensity, the treatment medium pH and the microorganism investigated. Int. J.
Food Microbiol. 113, 219–227. doi: 10.1016/j.ijfoodmicro.2006.07.007

Gil, M. I., Gomez-Lopez, V. M., Hung, Y. C., and Allende, A. (2015). Potential of
electrolyzed water as an alternative disinfectant agent in the fresh-cut industry.
Food Bioproces. Technol. 8, 1336–1348. doi: 10.1007/s11947-014-1444-1

Gil, M. I., Selma, M. V., Lopez-Galvez, F., and Allende, A. (2009). Fresh-cut product
sanitation and wash water disinfection: problems and solutions. Int. J. Food
Microbiol. 134, 37–45. doi: 10.1016/j.ijfoodmicro.2009.05.021

Gilmore, B. F., Flynn, P. B., O’brien, S., Hickok, N., Freeman, T., and Bourke, P.
(2018). Cold plasmas for biofilm control: opportunities and challenges. Trends
Biotechnol. 36, 627–638. doi: 10.1016/j.tibtech.2018.03.007

Go, S. M., Park, M. R., Kim, H. S., Choi, W. S., and Jeong, R. D. (2019). Antifungal
effect of non-thermal atmospheric plasma and its application for control of
postharvest Fusarium oxysporum decay of paprika. Food Control 98, 245–252.
doi: 10.1016/j.foodcont.2018.11.028

Govaert, M., Smet, C., Walsh, J. L., and Van Impe, J. F. M. (2019). Dual-
Species model biofilm consisting of Listeria monocytogenes and Salmonella
typhimurium: development and inactivation with cold atmospheric Plasma
(CAP). Front. Microbiol. 10:2524. doi: 10.3389/fmicb.2019.02524

Gränicher, W. H. H. (1994). Messung beendet – was nun? Hochschul. AG ETH
Zürich 6–4, 6–9.

Gray, M. L., and Killinger, A. H. (1966). Listeria monocytogenes and Listeric
infections. Bacteriol. Rev. 30, 309–382. doi: 10.1128/mmbr.30.2.309-382.1966

Handorf, O., Below, H., Schnabel, U., Riedel, K., and Ehlbeck, J. (2020a).
Investigation of the chemical composition of plasma treated water by
MidiPLexc and its antimicrobial effect on Listeria monocytogenes and
Pseudomonas fluorescens monospecies suspension cultures. J. Phys. D Appl.
Phys. 53:305204. doi: 10.1088/1361-6463/ab866b

Handorf, O., Pauker, V. I., Schnabel, U., Weihe, T., Freund, E., Bekeschus, S.,
et al. (2020b). Characterization of antimicrobial effects of plasma-treated water
(PTW) produced by microwave-induced plasma (MidiPLexc) on Pseudomonas
fluorescens biofilms. MDPI Appl. Sci. 10:3118. doi: 10.3390/app10093118

Handorf, O., Schnabel, U., Bösel, A., Weihe, T., Bekeschus, S., Graf, A. C., et al.
(2019). Antimicrobial effects of microwave-induced plasma torch (MiniMIP)
treatment on Candida albicans biofilms. Microb. Biotechnol. 12, 1034–1048.
doi: 10.1111/1751-7915.13459

Hanson, H., Whitfield, Y., Lee, C., Badiani, T., Minielly, C., Fenik, J., et al. (2019).
Listeria monocytogenes associated with pasteurized chocolate milk, Ontario,
Canada. Emerg. Infect. Dis. 25, 581–584. doi: 10.3201/eid2503.180742

Heyndrickx, M. (2011). The importance of endospore-forming bacteria originating
from soil for contamination of industrial food processing. Appl. Environ. Soil
Sci. 2011:11.

Hua, Z., Korany, A. M., El-Shinawy, S. H., and Zhu, M. J. (2019). Comparative
evaluation of different sanitizers against Listeria monocytogenes biofilms on
major food-contact surfaces. Front. Microbiol. 10:2462. doi: 10.3389/fmicb.
2019.02462

Ikawa, S., Kitano, K., and Hamaguchi, S. (2010). Effects of pH on bacterial
inactivation in aqueous solutions due to low-temperature atmospheric pressure
plasma application. Plas. Proces. Polym. 7, 33–42. doi: 10.1002/ppap.200900090

Jeong, D. K., and Frank, J. F. (1994). Growth of Listeria monocytogenes at 10-
degrees-C in biofilms with microorganisms isolated from meat and dairy
processing environments. J. Food Protect. 57, 576–586. doi: 10.4315/0362-
028x-57.7.576

Jose, J. F. B. S., and Vanetti, M. C. D. (2012). Effect of ultrasound and
commercial sanitizers in removing natural contaminants and Salmonella
enterica typhimurium on cherry tomatoes. Food Control 24, 95–99. doi: 10.
1016/j.foodcont.2011.09.008

Jung, S., Kim, H. J., Park, S., Yong, H. I., Choe, J. H., Jeon, H. J., et al. (2015).
Color developing capacity of plasma-treated water as a source of nitrite for meat
curing. Kor. J. Food Sci. Anim. Resour. 35, 703–706. doi: 10.5851/kosfa.2015.35.
5.703

Frontiers in Microbiology | www.frontiersin.org 14 April 2021 | Volume 12 | Article 652481

https://doi.org/10.1016/j.ifset.2003.10.002
https://doi.org/10.1109/trpms.2018.2829176
https://doi.org/10.4315/0362-028x-59.8.827
https://doi.org/10.1080/08927014.2012.706751
https://doi.org/10.1111/jam.13429
https://doi.org/10.1006/fmic.1998.0264
https://doi.org/10.1093/clinids/20.1.66
https://doi.org/10.3390/microorganisms4030022
https://doi.org/10.3923/pjbs.2013.301.308
https://doi.org/10.4161/viru.19586
https://doi.org/10.1016/j.ijfoodmicro.2016.10.009
https://doi.org/10.1016/j.ijfoodmicro.2016.10.009
https://doi.org/10.1016/s0928-8244(02)00467-4
https://doi.org/10.1371/journal.pone.0137046
https://doi.org/10.1371/journal.pone.0137046
https://doi.org/10.1111/j.1574-695x.2008.00404.x
https://doi.org/10.2165/00003495-199958030-00003
https://doi.org/10.4315/0362-028x.jfp-13-150
https://doi.org/10.1016/j.ifset.2012.09.001
https://doi.org/10.1016/j.ijfoodmicro.2006.07.007
https://doi.org/10.1007/s11947-014-1444-1
https://doi.org/10.1016/j.ijfoodmicro.2009.05.021
https://doi.org/10.1016/j.tibtech.2018.03.007
https://doi.org/10.1016/j.foodcont.2018.11.028
https://doi.org/10.3389/fmicb.2019.02524
https://doi.org/10.1128/mmbr.30.2.309-382.1966
https://doi.org/10.1088/1361-6463/ab866b
https://doi.org/10.3390/app10093118
https://doi.org/10.1111/1751-7915.13459
https://doi.org/10.3201/eid2503.180742
https://doi.org/10.3389/fmicb.2019.02462
https://doi.org/10.3389/fmicb.2019.02462
https://doi.org/10.1002/ppap.200900090
https://doi.org/10.4315/0362-028x-57.7.576
https://doi.org/10.4315/0362-028x-57.7.576
https://doi.org/10.1016/j.foodcont.2011.09.008
https://doi.org/10.1016/j.foodcont.2011.09.008
https://doi.org/10.5851/kosfa.2015.35.5.703
https://doi.org/10.5851/kosfa.2015.35.5.703
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-652481 April 22, 2021 Time: 14:55 # 15

Handorf et al. Antimicrobial Effect of Plasma-Treated Water

Knight, M. T., Black, J. F., and Wood, D. W. (1988). Industry perspectives on
Listeria monocytogenes. J. Associat. Off. Anal. Chem. 71, 682–683. doi: 10.1093/
jaoac/71.3.682

Korany, A. M., Hua, Z., Green, T., Hanrahan, I., El-Shinawy, S. H., El-Kholy, A.,
et al. (2018). Efficacy of ozonated water, chlorine, chlorine dioxide, quaternary
ammonium compounds and peroxyacetic acid against Listeria monocytogenes
biofilm on polystyrene surfaces. Front. Microbiol. 9:2296. doi: 10.3389/fmicb.
2018.02296

Lembke, F. (2001). Disinfectant. USA Patent Application 08/930,003. Patent No:
US6224827B1.

Li, Y. F., Shimizu, T., Zimmermann, J. L., and Morfill, G. E. (2012). Cold
atmospheric plasma for surface disinfection. Plas. Proces. Polym. 9, 585–589.
doi: 10.1002/ppap.201100090

Lorber, B. (1997). Listeriosis. Clin. Infect. Dis. 24, 1–11.
Luth, S., Kleta, S., and Al Dahouk, S. (2018). Whole genome sequencing as a typing

tool for foodborne pathogens like Listeria monocytogenes – The way towards
global harmonisation and data exchange. Trends Food Sci. Technol. 73, 67–75.
doi: 10.1016/j.tifs.2018.01.008

Mah, T. F. C., and O’Toole, G. A. (2001). Mechanisms of biofilm resistance to
antimicrobial agents. Trends Microbiol. 9, 34–39. doi: 10.1016/s0966-842x(00)
01913-2

Makino, S. I., Kawamoto, K., Takeshi, K., Okada, Y., Yamasaki, A., Yamamoto, S.,
et al. (2005). An outbreak of food-borne listeriosis due to cheese in Japan, during
2001. Int. J. Food Microbiol. 104, 189–196. doi: 10.1016/j.ijfoodmicro.2005.02.
009

Matthews, K. R., Sapers, G. M., and Gerba, C. P. (2014). The produce
contamination problem. Food Sci. Technol. 2:492.

Maury, M. M., Tsai, Y. H., Charlier, C., Touchon, M., Chenal-Francisque, V.,
Leclercq, A., et al. (2017). Uncovering Listeria monocytogenes hypervirulence
by harnessing its biodiversity (vol 48, pg 308, 2016). Nat. Genet. 49, 970–970.
doi: 10.1038/ng0617-970d

Misra, N. N., Tiwari, B. K., Raghavarao, K. S. M. S., and Cullen, P. J. (2011).
Nonthermal plasma inactivation of food-borne pathogens. Food Eng. Rev. 3,
159–170. doi: 10.1007/s12393-011-9041-9

Molobela, I. P., Cloete, T. E., and Beukes, M. (2010). Protease and amylase enzymes
for biofilm removal and degradation of extracellular polymeric substances
(EPS) produced by Pseudomonas fluorescens bacteria. Afr. J. Microbiol. Res. 4,
1515–1524.

Møretrø, T., and Langsrud, S. (2004). Listeria monocytogenes: biofilm formation
and persistence in food-processing environments. Cambr. Univ. Press 1, 107–
121. doi: 10.1017/s1479050504001322

Nelson, J. H. (1990). Where are Listeria likely to be found in dairy plants? DFES
Dairy Food Environ. Sanitat. 10, 344–345.

Nguyenthe, C., and Carlin, F. (1994). The microbiology of minimally processed
fresh fruits and vegetables. Crit. Rev. Food Sci. Nutr. 34, 371–401.

Norwood, D. E., and Gilmour, A. (2000). The growth and resistance to sodium
hypochlorite of Listeria monocytogenes in a steady-state multispecies biofilm.
J. Appl. Microbiol. 88, 512–520. doi: 10.1046/j.1365-2672.2000.00990.x

Oehmigen, K., Hähnel, M., Brandenburg, R., Wilke, C., Weltmann, K. D., and
Von Woedtke, T. (2010). The role of acidification for antimicrobial activity
of atmospheric pressure plasma in liquids. Plas. Proces. Polym. 7, 250–257.
doi: 10.1002/ppap.200900077

Opperman, C. J., and Bamford, C. (2018). Co-infection with Streptococcus
pneumoniae and Listeria monocytogenes in an immunocompromised patient.
Samj. South Afr. Med. J. 108, 386–388. doi: 10.7196/samj.2018.v108i5.12957

O’Toole, G., Kaplan, H. B., and Kolter, R. (2000). Biofilm formation as microbial
development. Annu. Rev. Microbiol. 54, 49–79.

Pankaj, S. K., Bueno-Ferrer, C., Misra, N. N., Milosavljevic, V., O’donnell, C. P.,
Bourke, P., et al. (2014). Applications of cold plasma technology in food
packaging. Trends Food Sci. Technol. 35, 5–17. doi: 10.1016/j.tifs.2013.10.009

Patange, A., Boehm, D., Ziuzina, D., Cullen, P. J., Gilmore, B., and Bourke,
P. (2019a). High voltage atmospheric cold air plasma control of bacterial
biofilms on fresh produce. Int. J. Food Microbiol. 293, 137–145. doi: 10.1016/j.
ijfoodmicro.2019.01.005

Patange, A., Lu, P., Boehm, D., Cullen, P. J., and Bourke, P. (2019b). Efficacy of
cold plasma functionalised water for improving microbiological safety of fresh
produce and wash water recycling. Food Microbiol. 84:103226. doi: 10.1016/j.
fm.2019.05.010

Ramos, B., Miller, F. A., Brandao, T. R. S., Teixeira, P., and Silva, C. L. M.
(2013). Fresh fruits and vegetables-an overview on applied methodologies to
improve its quality and safety. Innovat. Food Sci. Emerg. Technol. 20, 1–15.
doi: 10.1016/j.ifset.2013.07.002

Ricci, A., Allende, A., Bolton, D., Chemaly, M., Davies, R., Escamez, P. S. F., et al.
(2018). Listeria monocytogenes contamination of ready-to-eat foods and the risk
for human health in the EU. Efsa J. 16:e05134.

Rico, D., Martin-Diana, A. B., Barat, J. M., and Barry-Ryan, C. (2007). Extending
and measuring the quality of fresh-cut fruit and vegetables: a review. Trends
Food Sci. Technol. 18, 373–386. doi: 10.1016/j.tifs.2007.03.011

RKI (2018). Infektionsepidemiologisches Jahrbuch Meldepflichtiger Krankheiten für
2018. Robert Koch institue – Annual Report. Berlin: RKI, 247.

Rod, S. K., Hansen, F., Leipold, F., and Knochel, S. (2012). Cold atmospheric
pressure plasma treatment of ready-to-eat meat: inactivation of Listeria innocua
and changes in product quality. Food Microbiol. 30, 233–238. doi: 10.1016/j.fm.
2011.12.018

Rodgers, S. (2003). Long shelf life cook-chill technologies: food safety risks and
solutions. Food Austr. 55, 80–83.

Rowan, N. J., Espie, S., Harrower, J., Anderson, J. G., Marsili, L., and Macgregor,
S. J. (2007). Pulsed-plasma gas-discharge inactivation of microbial pathogens in
chilled poultry wash water. J. Food Protect. 70, 2805–2810. doi: 10.4315/0362-
028x-70.12.2805

Schmidt, H., Heimann, B., Djukic, M., Mazurek, C., Fels, C., Wallesch, C. W., et al.
(2006). Neuropsychological sequelae of bacterial and viral meningitis. Brain
129, 333–345. doi: 10.1093/brain/awh711

Schnabel, U., Andrasch, M., Niquet, R., Weltmann, K. D., Schlüter, O., and
Ehlbeck, J. (2015a). Non-thermal atmospheric pressure plasmas for food
decontamination. Int. Proc. Chem. Biol. Environ. Eng. (IPCBEE) 81, 74–80.

Schnabel, U., Andrasch, M., Stachowiak, J., Weit, C., Weihe, T., Schmidt, C., et al.
(2019a). Sanitation of fresh-cut endive lettuce by plasma processed tap water
(PPtW) – Up-scaling to industrial level. Innovat. Food Sci. Emerg. Technol. 53,
45–55. doi: 10.1016/j.ifset.2017.11.014

Schnabel, U., Andrasch, M., Weltmann, K. D., and Ehlbeck, J. (2015b). Inactivation
of microorganisms in Tyvek packaging by microwave plasma processed air.
Glob. J. Biol. Agricult. Health Sci. 4, 185–192.

Schnabel, U., Handorf, O., Stachowiak, J., Boehm, D., Weit, C., Weihe, T., et al.
(2020). Plasma-functionalized water: from bench to prototype for fresh-cut
lettuce. Food Eng. Rev. 13, 115–135.

Schnabel, U., Handorf, O., Winter, H., Weihe, T., Weit, C., Schäfer, J., et al.
(2021). The effect of plasma treated water unit processes on the food quality
characteristics of fresh-cut endive. Front. Nutr. 7:627483. doi: 10.3389/fnut.
2020.627483

Schnabel, U., Handorf, O., Yarova, K., Zessin, B., Zechlin, S., Sydow, D., et al.
(2019b). Plasma-treated air and water-assessment of synergistic antimicrobial
effects for sanitation of food processing surfaces and environment. Foods 8:55.
doi: 10.3390/foods8020055

Schnabel, U., Schmidt, C., Stachowiak, J., Bösel, A., Andrasch, M., and Ehlbeck, J.
(2018). Plasma processed air for biological decontamination of PET and fresh
plant tissue. Plas. Proces. Polym. 15:e1600057.

Scholtz, V., Pazlarova, J., Souskova, H., Khun, J., and Julak, J. (2015). Nonthermal
plasma – A tool for decontamination and disinfection. Biotechnol. Adv. 33,
1108–1119. doi: 10.1016/j.biotechadv.2015.01.002

Schuchat, A., Robinson, K., Wenger, J. D., Harrison, L. H., Farley, M., Reingold,
A. L., et al. (1997). Bacterial meningitis in the United States in 1995. N. Engl. J.
Med. 337, 970–976.

Seeliger, H. P. R. (1961). Listeriosis. S. Berlin: Karger AG.
Selma, M. V., Allende, A., Lopez-Galvez, F., Conesa, M. A., and Gil, M. I. (2008).

Disinfection potential of ozone, ultraviolet-C and their combination in wash
water for the fresh-cut vegetable industry. Food Microbiol. 25, 809–814. doi:
10.1016/j.fm.2008.04.005

Simoes, M., Carvalho, H., Pereira, M. O., and Vieira, M. J. (2003). Studies on
the behaviour of Pseudomonas fluorescens biofilms after ortho-phthalaldehyde
treatment. Biofouling 19, 151–157. doi: 10.1080/0892701030950
9692

Srey, S., Park, S. Y., Jahid, I. K., and Ha, S. D. (2014). Reduction effect of the selected
chemical and physical treatments to reduce L-monocytogenes biofilms formed
on lettuce and cabbage. Food Res. Int. 62, 484–491. doi: 10.1016/j.foodres.2014.
03.067

Frontiers in Microbiology | www.frontiersin.org 15 April 2021 | Volume 12 | Article 652481

https://doi.org/10.1093/jaoac/71.3.682
https://doi.org/10.1093/jaoac/71.3.682
https://doi.org/10.3389/fmicb.2018.02296
https://doi.org/10.3389/fmicb.2018.02296
https://doi.org/10.1002/ppap.201100090
https://doi.org/10.1016/j.tifs.2018.01.008
https://doi.org/10.1016/s0966-842x(00)01913-2
https://doi.org/10.1016/s0966-842x(00)01913-2
https://doi.org/10.1016/j.ijfoodmicro.2005.02.009
https://doi.org/10.1016/j.ijfoodmicro.2005.02.009
https://doi.org/10.1038/ng0617-970d
https://doi.org/10.1007/s12393-011-9041-9
https://doi.org/10.1017/s1479050504001322
https://doi.org/10.1046/j.1365-2672.2000.00990.x
https://doi.org/10.1002/ppap.200900077
https://doi.org/10.7196/samj.2018.v108i5.12957
https://doi.org/10.1016/j.tifs.2013.10.009
https://doi.org/10.1016/j.ijfoodmicro.2019.01.005
https://doi.org/10.1016/j.ijfoodmicro.2019.01.005
https://doi.org/10.1016/j.fm.2019.05.010
https://doi.org/10.1016/j.fm.2019.05.010
https://doi.org/10.1016/j.ifset.2013.07.002
https://doi.org/10.1016/j.tifs.2007.03.011
https://doi.org/10.1016/j.fm.2011.12.018
https://doi.org/10.1016/j.fm.2011.12.018
https://doi.org/10.4315/0362-028x-70.12.2805
https://doi.org/10.4315/0362-028x-70.12.2805
https://doi.org/10.1093/brain/awh711
https://doi.org/10.1016/j.ifset.2017.11.014
https://doi.org/10.3389/fnut.2020.627483
https://doi.org/10.3389/fnut.2020.627483
https://doi.org/10.3390/foods8020055
https://doi.org/10.1016/j.biotechadv.2015.01.002
https://doi.org/10.1016/j.fm.2008.04.005
https://doi.org/10.1016/j.fm.2008.04.005
https://doi.org/10.1080/08927010309509692
https://doi.org/10.1080/08927010309509692
https://doi.org/10.1016/j.foodres.2014.03.067
https://doi.org/10.1016/j.foodres.2014.03.067
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-652481 April 22, 2021 Time: 14:55 # 16

Handorf et al. Antimicrobial Effect of Plasma-Treated Water

Steenackers, H. P., Parijs, I., Foster, K. R., and Vanderleyden, J. (2016).
Experimental evolution in biofilm populations. Fems Microbiol. Rev. 40, 373–
397. doi: 10.1093/femsre/fuw002

Tappi, S., Gozzi, G., Vannini, L., Berardinelli, A., Romani, S., Ragni, L., et al. (2016).
Cold plasma treatment for fresh-cut melon stabilization. Innov. Food Sci. Emerg.
Technol. 33, 225–233. doi: 10.1016/j.ifset.2015.12.022

Thirumdas, R., Kothakota, A., Annapure, U., Siliveru, K., Blundell, R., Gatt, R., et al.
(2018). Plasma activated water (PAW): chemistry, physico-chemical properties,
applications in food and agriculture. Trends Food Sci. Technol. 77, 21–31. doi:
10.1016/j.tifs.2018.05.007

Trinetta, V., Morgan, M., and Linton, R. (2012). 18 - Chlorine dioxide for microbial
decontamination of food. Microb. Decontamin. Food Indust. Novel Methods
Appl. 12, 533–562. doi: 10.1533/9780857095756.3.533

Van Haute, S., Sampers, I., Holvoet, K., and Uyttendaele, M. (2013).
Physicochemical quality and chemical safety of chlorine as a reconditioning
agent and wash water disinfectant for fresh-cut lettuce washing. Appl. Environ.
Microbiol. 79, 2850–2861. doi: 10.1128/aem.03283-12

Vazquez-Boland, J. A., Kuhn, M., Berche, P., Chakraborty, T., Dominguez-Bernal,
G., Goebel, W., et al. (2001). Listeria pathogenesis and molecular virulence
determinants. Clin. Microbiol. Rev. 14, 584–640.

Vazquez-Sanchez, D., Galvao, J. A., and Oetterer, M. (2017). Contamination
sources, serogroups, biofilm-forming ability and biocide resistance of Listeria
monocytogenes persistent in tilapia-processing facilities. J. Food Sci. Technol.
Mysore 54, 3867–3879. doi: 10.1007/s13197-017-2843-x

Vela, B. N. B., Garcia-Carretero, R., Carrasco-Fernandez, B., Gil-Romero, Y., and
Perez-Pomata, M. T. (2020). Listeria monocytogenes infections: analysis of 41
patients. Med. Clin. 155, 57–62. doi: 10.1016/j.medcle.2019.09.008

Vleugels, M., Shama, G., Deng, X. T., Greenacre, E., Brocklehurst, T., and Kong,
M. G. (2005). Atmospheric plasma inactivation of biofilm-forming bacteria for
food safety control. IEEE Transact. Plas. Sci. 33, 824–828. doi: 10.1109/tps.2005.
844524

Vu, B., Chen, M., Crawford, R. J., and Ivanova, E. P. (2009). Bacterial extracellular
polysaccharides involved in biofilm formation. Molecules 14, 2535–2554. doi:
10.3390/molecules14072535

Wehr, H. M. (1987). Listeria monocytogenes – a current dilemma. J. Associat. Off.
Anal. Chem. 70, 769–772. doi: 10.1093/jaoac/70.5.769

Wieczorek, K., and Osek, J. (2017). Prevalence, genetic diversity and antimicrobial
resistance of Listeria monocytogenes isolated from fresh and smoked
fish in Poland. Food Microbiol. 64, 164–171. doi: 10.1016/j.fm.2016.
12.022

Xu, Y. Y., Tian, Y., Ma, R. N., Liu, Q. H., and Zhang, J. (2016). Effect of
plasma activated water on the postharvest quality of button mushrooms,
Agaricus bisporus. Food Chem. 197, 436–444. doi: 10.1016/j.foodchem.2015.
10.144

Yong, H. I., Park, J., Kim, H. J., Jung, S., Park, S., Lee, H. J., et al. (2018). An
innovative curing process with plasma-treated water for production of loin ham
and for its quality and safety. Plas. Proces. Polym. 15:1700050. doi: 10.1002/
ppap.201700050

Ziuzina, D., Han, L., Cullen, P. J., and Bourke, P. (2015). Cold plasma
inactivation of internalised bacteria and biofilms for Salmonella enterica
serovar typhimurium, Listeria monocytogenes and Escherichia coli. Int. J. Food
Microbiol. 210, 53–61. doi: 10.1016/j.ijfoodmicro.2015.05.019

Ziuzina, D., Patil, S., Cullen, P. J., Boehm, D., and Bourke, P. (2014). Dielectric
barrier discharge atmospheric cold plasma for inactivation of Pseudomonas
aeruginosa biofilms. Plasma Med. 4, 137–152. doi: 10.1615/plasmamed.
2014011996

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Handorf, Pauker, Weihe, Schäfer, Freund, Schnabel, Bekeschus,
Riedel and Ehlbeck. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 16 April 2021 | Volume 12 | Article 652481

https://doi.org/10.1093/femsre/fuw002
https://doi.org/10.1016/j.ifset.2015.12.022
https://doi.org/10.1016/j.tifs.2018.05.007
https://doi.org/10.1016/j.tifs.2018.05.007
https://doi.org/10.1533/9780857095756.3.533
https://doi.org/10.1128/aem.03283-12
https://doi.org/10.1007/s13197-017-2843-x
https://doi.org/10.1016/j.medcle.2019.09.008
https://doi.org/10.1109/tps.2005.844524
https://doi.org/10.1109/tps.2005.844524
https://doi.org/10.3390/molecules14072535
https://doi.org/10.3390/molecules14072535
https://doi.org/10.1093/jaoac/70.5.769
https://doi.org/10.1016/j.fm.2016.12.022
https://doi.org/10.1016/j.fm.2016.12.022
https://doi.org/10.1016/j.foodchem.2015.10.144
https://doi.org/10.1016/j.foodchem.2015.10.144
https://doi.org/10.1002/ppap.201700050
https://doi.org/10.1002/ppap.201700050
https://doi.org/10.1016/j.ijfoodmicro.2015.05.019
https://doi.org/10.1615/plasmamed.2014011996
https://doi.org/10.1615/plasmamed.2014011996
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


78 

 

 Plasma-Treated Air and Water — Assessment of Synergistic 
Antimicrobial Effects for Sanitation of Food Processing 
Surfaces and Environment 

Contribution of the author Oliver Handorf to this publication: 

Experimental part: Contamination of PE strips (2.1), recovery of microorganisms 

(2.3), plasma processed air (PPA) generation (2.4), plasma-treated water (PTW) generation 

(2.5), ion chromatography for nitrite and nitrate detection in collaboration with 

Prof. Dr. med. Harald Below (2.7), as well as single and combined treatment with PTW and PPA 

(2.8.1-2.8.3). 

The experiments with microorganisms were performed for 3/4 of the microorganisms 

used in the publication (Pectobacterium carotovorum, Escherichia coli K12, Listeria 

monocytogenes). 

Theoretical part: Preparation of the mathematical equations and guidelines as well 

as equations of the paper to calculate the reduction factors and standard deviations of the 

colony-forming units experiments. Proofreading of the manuscript and grammatical and 

orthographic editing. 

This manuscript was published in the Open-Access Journal "Foods", which is distributed 

by the publisher "MDPI". The paper was published on 02.02.2019, DOI: 10.3390/foods8020055 

in the journal Foods, with an impact factor of 4.092. 

Signature of first assessor     Signature of second assessor 

_____________________     ________________________ 

Signature of the doctoral candidate 

____________________________ 

  



foods

Article

Plasma-Treated Air and Water—Assessment of
Synergistic Antimicrobial Effects for Sanitation of
Food Processing Surfaces and Environment

Uta Schnabel 1,2,* , Oliver Handorf 1 , Kateryna Yarova 1, Björn Zessin 1, Susann Zechlin 1,
Diana Sydow 1, Elke Zellmer 3, Jörg Stachowiak 1, Mathias Andrasch 1, Harald Below 3 and
Jörg Ehlbeck 1

1 Plasma Bioengineering, Leibniz Institute for Plasma Science and Technology e.V., Felix-Hausdorff-Straße 2,
17491 Greifswald, Germany; oliver.handorf@inp-greifswald.de (O.H.); ky153778@uni-greifswald.de (K.Y.);
bjoern.zessin@web.de (B.Z.); susi-zechlin@gmx.de (S.Z.); diana.sydow@yahoo.com (D.S.);
joerg.stachowiak@inp-greifswald.de (J.S.); andrasch@inp-greifswald.de (M.A.);
ehlbeck@inp-greifswald.de (J.E.)

2 School of Food Science and Environmental Health, College of Sciences and Health, Technological University
Dublin, Cathal Brugha Street, D01 HV58 Dublin, Ireland

3 Institute for Hygiene and Environmental Medicine, Faculty of Medicine, University of Greifswald,
Walter-Rathenau-Straße 49A, 17475 Greifswald, Germany; zellmere@uni-greifswald.de (E.Z.);
below@uni-greifswald.de (H.B.)

* Correspondence: uta.schnabel@inp-greifswald.de

Received: 8 January 2019; Accepted: 29 January 2019; Published: 2 February 2019
����������
�������

Abstract: The synergistic antimicrobial effects of plasma-processed air (PPA) and plasma-treated
water (PTW), which are indirectly generated by a microwave-induced non-atmospheric pressure
plasma, were investigated with the aid of proliferation assays. For this purpose, microorganisms
(Listeria monocytogenes, Escherichia coli, Pectobacterium carotovorum, sporulated Bacillus atrophaeus) were
cultivated as monocultures on specimens with polymeric surface structures. Both the distinct and
synergistic antimicrobial potential of PPA and PTW were governed by the plasma-on time (5–50 s)
and the treatment time of the specimens with PPA/PTW (1–5 min). In single PTW treatment of
the bacteria, an elevation of the reduction factor with increasing treatment time could be observed
(e.g., reduction factor of 2.4 to 3.0 for P. carotovorum). In comparison, the combination of PTW
and subsequent PPA treatment leads to synergistic effects that are clearly not induced by longer
treatment times. These findings have been valid for all bacteria (L. monocytogenes > P. carotovorum
= E. coli). Controversially, the effect is reversed for endospores of B. atrophaeus. With pure PPA
treatment, a strong inactivation at 50 s plasma-on time is detectable, whereas single PTW treatment
shows no effect even with increasing treatment parameters. The use of synergistic effects of PTW
for cleaning and PPA for drying shows a clear alternative for currently used sanitation methods in
production plants. Highlights: Non-thermal atmospheric pressure microwave plasma source used
indirect in two different modes—gaseous and liquid; Measurement of short and long-living nitrite
and nitrate in corrosive gas PPA (plasma-processed air) and complex liquid PTW (plasma-treated
water); Application of PTW and PPA in single and combined use for biological decontamination of
different microorganisms.

Keywords: antimicrobial; atmospheric pressure; decontamination; ion chromatography; microwave;
nitrate; nitrite; non-thermal plasma
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1. Introduction

Various prevention strategies against contaminations of food produces are relevant among the
European Union. Consequently, a vast number of now well-established practices and concepts such
as good agricultural practice, good manufacturing practice and hazard analysis (HACCP) were
designed to minimize the risk of contaminations with pathogenic bacteria and food spoilers. However,
the whole value chain of fresh and fresh-cut produce harbors numerous sources of contaminations
such as raw material, processing tools, surfaces with food contact, or insufficiently trained employees.
Once contaminated it is very likely that a produce carries the contamination along the whole
production chain. Therefore, the in-company process hygiene is under special surveillance and new,
innovative techniques recently gain attention [1]. Nowadays the situation is aggravated by the fact
that inconsistent food safety standards were developed into economic, political, and social problems.
The reason for that confusingly amount of sanitation standards is especially due to the presence of new
microbial loads such as altered focuses on accurately described bacteria or bacteria that conquered new
habitats, which might alter locally. However, the main body of sterilization and disinfection methods
based on wet chemical processes (peracetic acid, hydrogen peroxide, chlorine dioxide, chlorine, active
oxygen, ammonium compounds, isopropanol, phosphoric acid, formic acid or nitric acid), which are
highly effective but also increase the development of new resistances [1]. Certainly, cleaning and
disinfection cycles that clean the production environment in terms of the removal of organic (proteins,
lipids, carbohydrates) and inorganic (salts) contaminations were integrated into every process chain.
Nevertheless, it will be a future challenge to develop new maybe unified safety standards, which base
on alternative techniques and may help to overcome those economic, political, and social barriers.
The complex geometries of food processing plants made from various materials (stainless steel, glass,
polymers, rubber and polytetrafluoroethylene (PTFE)) make effective cleaning difficult. For instance,
empirically designed routine processes can lead to incomplete microbial decontamination, so that
pathogenic microorganisms such as Listeria monocytogenes can survive on surfaces and contaminate
the further process chain [2–4]. Under these circumstances, the risk of a microbial adhesion and
biofilm formation is particularly high. Cross-contaminations, bacterial adhesion, and biofilm formation
was avoided by an optimized choice of materials, which can be further achieved by efficient and
sustainable agents with antimicrobial effects [5,6]. Manufacturers are therefore faced with a wide range
of resources-consuming and cost-intensive challenges (environment, energy and water consumption,
residues as well as storage and disposal etc.), which raised the demand for innovative process concepts
that supplement or replace existing systems. When the food production is resumed after the heat
decontamination step, the cooling time appears to be especially crucial. Certainly, active cooling is
possible, but it is also energy consuming.

At boundaries between two materials with a different thermal expansion, e.g., at observation
windows, heat decontamination induces tensions that may lead to cracks in the glass window.
For instance, windows for optical sensors like in-line process photometers for in-line phase
switch control may be such a weak point. Particularly, calcifications will become critical, if heat
decontamination is combined with water vapor [7]. When heat have been used for decontamination,
the chamber where the decontamination takes place needs to be pre-heated. Due to the low heat
transfer coefficient for the heat transfer between gaseous and solid phases and the high heat capacity
of steel in contrast to ambient air, stainless steel part needs a long time to heat up or cool down.
Therefore, colder plant parts lower the surrounding temperature, which may result in an insufficient
decontamination rate, a pre-heating appears to be a very crucial step. Additionally, overpressure
has the drawback to increase the mechanical load on machine parts in contact, which increases
the frequencies of maintenance for those plants [7]. Therefore, all machine components have to be
pressure-proofed. If heat is used these drawbacks lack when PPA (plasma-processed air) is applied.
The use of PTW (plasma-treated water) enables the user to apply the shearing forces of the water for
cleaning; which is not possible in decontamination steps using gaseous compounds. Additionally,
when using heat, special attention must also be paid to the work safety of the user, i.e. to prevent burns.
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This is not necessary with the plasma technology presented here where the work safety requirements
are easy to implement. Despite many advantages, plasma technology is an individual solution for
special requirements and can currently be seen as a niche product.

Several studies prove the efficiency of non-thermal atmospheric pressure plasma applications for
a surface decontamination. The resulting reactive species (including oxygen and hydroxyl radicals,
nitrogen oxides and other oxidizing species) proved to be highly effective against many yeasts, viruses
and bacteria (including spores). The results have been found on various surfaces such as glass,
polypropylene (PP), paper or stainless steel [8,9]. The exact inactivation mechanism of the different
plasma sources has already been the subject of several reviews [10,11]. The removal of biomolecules
such as proteins and peptides, which are also required for purification, is also possible by plasma
application [12].

For the indirect plasma process based on PLexc microwave plasma, antimicrobial effects have
already been demonstrated on both laboratory and industrial scale on abiotic surfaces (glass, plastic)
and biological surfaces (fruit, vegetables, meat) [13–18]. It applies to both PPA and PTW.

Currently, synergistic effects of both methods have not yet been deeply investigated and are the
object of this study. Our findings strongly suggest a serial application of the two methods. If the
production process allows such an application, a PTW rinsing/washing step should be followed by
a PPA- drying step, subsequently. Many processes in the food industry fulfill these requirements,
which give the PTW/PPA processes a wide range for their industrial application.

2. Materials and Methods

2.1. Microorganisms

To cover a wide range of microbial germs, like bacteria, fungi and spores as well as human and
plant pathogens occurring in connection with food and food production, Pectobacterium carotovorum
(ATCC 15713, American Type Culture Collection), Escherichia coli K12 (NCTC 10538, The National
Collection of Type Cultures), Listeria moncytogenes (ATCC 15313), and endospores of Bacillus atrophaeus
(ATCC 9372) were used for microbial investigations. All bacteria and spores were obtained from Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany.

The bacterium P. carotovorum is a Gram-negative ubiquitous plant pathogen responsible for
bacterial soft rot with a wide host range such as leafy greens, potato, carrot, tomato and many
more. The bacterium L. monocytogenes is a Gram-positive human pathogen, which causes listeriosis
infections under invasive conditions. Under non-invasive circumstances, any infection is termed
febrile gastroenteritis. It is one of the most virulent foodborne pathogens, with high fatality (20 to 30%)
in high-risk individuals including pregnant women, the elderly and individuals with compromised
immune systems [19,20]. The bacterium E. coli is a Gram-negative mostly harmless part of the guteral
normal intestinal flora of warm-blooded organisms like humans [21–23]. Therefore, it was expelled
into the environment within fecal matter [24]. Some serotypes of E. coli have been known to cause
serious food poising, which is occasionally responsible for food contamination, which leads to product
recalls [25,26]. E. coli K12 is a common laboratory strain with low handling risks due to a mutation
that prevents O-antigen formation. Endospores of Bacillus atrophaeus are test strains for EO (ethylene
oxide) and H2O2 sterilization [27,28] as well as biological indicator for hot air sterilization. They are
highly resistant to many disinfectants. Endospores are inactive or dormant forms of these bacterial
strains and can resist highly disadvantageous conditions to reactivate to vegetative cells whenever the
circumstances improve.

Before use, the bacteria was stored at −80 ◦C and freshly cultivated in nutrient broth and on
nutrient agar at specific incubation temperatures as required by them (Table 1). The spores were stored
at 7 ◦C and used directly in dilutions with NaCl solution (0.85%).
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For experimental use, one inoculation loop of inoculated broth was cultured on agar for 24 h at
specific incubation temperature and afterwards it was stored at 7 ◦C until use. The maximum storage
time was 3 weeks.

Table 1. Overview of the used nutrient media (broth and agar) as well as incubation temperatures for
the microorganisms. All media are obtained from Carl Roth GmbH + Co. KG, Karlsruhe, Germany.

Microorganism Nutrient Broth Nutrient Agar Incubation Temperature (◦C)

P. carotovorum Standard Nutrient Broth I Standard Nutrient Agar I 22
E. coli K12 TSB (trypticase soy broth) TSA (trypticase soy agar) 37

L. moncytogenes Standard Nutrient Broth I Standard Nutrient Agar I 37
B. atrophaeus spores TSB TSA 37

2.2. Specimen

The microorganism was grown on biocompatible polyethylene (PE) polymeric stripes in the
size of 32 × 8 × 2 mm3. PE is a polymer that is frequently used in food industry for conveyer belts,
transport or collecting boxes, and packaging material. The specimen was contaminated by overnight
cultivation of cells in exponential growth phase to result in completely overgrown specimens with
cells in stationary growth phase. The final concentration was 106 cfu mL−1 (vegetative and sporulated
bacteria). Statistics are based on three biological and experimental replications.

2.3. Contamination of Specimens and Recovery of Surviving Microorganisms

2.3.1. Contamination

For a first step contamination of the PE-stripes, a 4-h culture with bacteria at exponential growth
stage was prepared by using 20 mL of inoculated nutrient broth. Inoculation of the broth was done
by adding three colony-forming units (cfu) with an inoculation loop. The inoculated broth was not
shaken during the incubation time. Therefore, bacteria in the exponential growth phase were achieved.
After this first incubation step, 1 mL of the 4-h culture was used for dilution in 30 mL fresh nutrient
broth. A volume of 60 mL (2 × 30 mL) was needed for the contamination of 30 PE-stripes. For each
experiment, 30 PE-stripes were needed and prepared. The sterilized PE-stripes were added to 2 mL
tubes with a screw cap and submerged in 1.3 mL of the diluted 4-h culture. The closed tubes were
shaken 24 h at the required incubation temperature. Shaking was done with 80 rpm. Therefore, bacteria
in the stationary growth phase were achieved. The inoculated PE-stripes were washed three times
with PBS (phosphate buffered saline), transferred to a new 2 mL screw cap tube, and kept closed before
the PTW/PPA treatment took place. The inoculation of the PE-stripes with endospores of B. atrophaeus
was done differently, because the spores are a dormant living form and grow not actively on the stripes.
For each PE-stripe 100 µL were pipetted on each side. The drying of each side required 2–3 h and was
realized under laminar flow conditions. The spore-inoculated stripes were also transferred to 2 mL
screw cap tubes for PTW/PPA treatment.

2.3.2. Recovery of the Microorganisms

Subsequently to a fractionated or combined PTW and PPA treatment, the surviving colony-forming
units were recovered. For this purpose, the treated PE strips were transferred into 10 mL nutrient
broth and shaken for 15 min at 300 rpm. The resulting suspensions were used for dilutions and
further investigations. By using the surface-spread-plate count method, the colony-forming units were
visualized after incubation in the incubator for 12–18 h. This detection method can be used for aerobic
bacteria. The volume of 100 µL of all serial dilutions of the suspension were plated out. Serial dilutions
were performed as 1 to 10 dilutions. The detection limit for this method was 10 or 100 cfu mL−1 for
the experiments described in this paper. Colony-forming units were counted manually.
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2.4. Plasma Processed Air (PPA) Generation

The generation of plasma-processed air (PPA) for the non-thermal treatment of the contaminated
samples was carried out with a microwave driven discharge device. The arrangement used is shown
in Figure 1. The used microwaves had a frequency of 2.45 GHz with an input power in the range of
1.1 kW, which results in a gas temperature of approx. 4000 K at a gas flow of 18 slm air. By cooling the
PPA down to room temperature, the gas could be applied directly for decontamination.
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2014 [29], Krohmann et al., 2005 [30]).

The main components of PPA are RNA (reactive nitrogen species) and non-processed air. RNAs
are known as antimicrobial agents [14,31].

2.5. Chemistry of Plasma-Processed Air (PPA)

Pipa et al., (2012) performed an analysis of the microwave plasma with optical emission
spectroscopy (OES) [32]. The measurements of the microwave plasma have also used air as working gas
and identified ROS (reactive oxygen species) and RNS (reactive nitrogen species) within the discharge.

By comparison with known wavelength, ROS like OH radicals and RNS like NO and NO2 radicals
were identified.

The plasma effluent was analyzed by mass spectrometry; these results were published by
Schnabel et al., (2015a) [14]. The results of these analysis showed that only 2.6% of the compressed air
used as working gas had been processed by the plasma. The composition of the processed gas contained
mainly RNS like NO2 (1.8%) and NO (0.6%), smaller chemical components were HNO2, HNO3, CO2

and H2O [14,33]. Due to high discharge temperatures, Ozone (O3), a well-known antimicrobial effective
ROS, could not be detected [16].

The specific concentration of NO2, which is the most detected RNS in mass spectrometry,
was measured by a self-constructed NO2 sensor calibrated using test gas (Linde AG, Pullach, Germany:
test gas NO2 3.19% and synthetic air). The sensor was based on absorbance measurements of
NO2-bands at 400 nm [34]. The plasma-on time dependent NO2 concentration was about 5000 ppm for
5 s on time and about 12700 ppm for 50 s [13]. However, neither NO2, which reacts to HNO2 in contact
with water, nor an acidification of the treated water are exclusively responsible for the antimicrobial
potential of PPA and PTW [35]. A support of the observed antimicrobial effects by other compounds
hosted in PPA/PTW may be possible.

2.6. Plasma-Treated Water (PTW) Generation

Non-thermal plasma treatment of the contaminated specimens was done with microwave driven
discharge generated PTW by contact of PPA with distilled, sterile water (Figure 2). The generated PPA
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was cooled down to room temperature and could react with the water (10 mL). The PTW was used in
a volume of 1.3 mL for each PE-stripe.
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Figure 2. Scheme of the microwave-setup for the generation of PTW (plasma-treated water).

2.7. Chemical Analysis of Plasma-Treated Water (PTW)

2.7.1. Ion Chromatography for Nitrite and Nitrate Detection

Immediately after preparation, the PTW was diluted with PBS buffer pH 7.4 at a ratio of 1:10
or higher. Nitrite and Nitrate were determined by ion chromatography (IC). IC was performed on
a Professional IC 850 instrument (Metrohm, Switzerland). The sampler was a Sample Center 889
IC set to a constant temperature of 4 ◦C. The volume of the injection loop was 10 µL. A Metrosep
a Supp 5–150/4.0 with guard column from the same material were used for separation. As eluent
3.2 mmol L−1 of Na2CO3/1 mmol L−1 NaHCO3 was used and the flow rate was 0.8 mL min−1.
The column temperature was 20 ◦C. The IC was equipped with a conductivity detector and a scanning
UV detector. The UV detector operates at 220 nm.

2.7.2. Photometric Detection of Nitrite

Additionally, nitrite was determined photometrical by the nitrite test Spectroquant®(Merck KGaA,
Darmstadt, Germany). The spectrophotometric measurements were done at λ = 525 nm after 10 min
incubation and compared to a sodium nitrite standard curve. The method is analogous to DIN EN
26777:1993-04 [36].

2.8. Single and Combined Treatment with PTW and PPA

2.8.1. PPA Treatment

During the individual treatment with PPA, the discharge was ignited for 5, 15 or 50 s
(pre-treatment, plasma on time). The PPA was generated in these time windows. Due to the software
control, the gas flux and the microwave power are limited by the pre-treatment duration.

The amount of generated NO2 was measured and published before [13].
Subsequently, samples were treated 1, 3 and 5 min with the generated PPA (post-treatment time).

The PPA-incubation period was stopped by evacuating the PPA in the sample-loaded reaction chamber
with pure compressed air, a step which was repeated twice in a row. The treatment chamber had a
volume of 4.5 L (270 × 185 × 150 mm3) and the samples were fixed free standing inside the chamber
to keep the contact areas as small as possible.

The detected inactivation of the microorganisms was dependent on the amount of short- and
long-lived reactive chemical species produced during the pre-treatment time and the post-treatment
time with PPA, itself.

For references, the post-treatment time was indicated at 0 min, which means these samples were
exposed to an airflow instead of a PPA flow.
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2.8.2. PTW Treatment

For PTW production, the PPA was introduced into distilled, sterile water. The resulting PTW was
used solely to inactivate the contaminated PE strips. As shortly mentioned above, the discharge was
ignited for 5, 15 or 50 s (pre-treatment, plasma-on time). Subsequently, the samples were treated for
1, 3 and 5 minutes with PTW (post-treatment time). A volume of 1.3 mL PTW was added to the PE
strips in the screw cap tubes to start the decontamination process. To stop the post-treatment time,
the PTW was decanted into a waste container and the strips were transferred to 10 mL nutrient broth
with a high buffer capacity. The recovery of the surviving/proliferating microorganisms was then
continued as described in Section 2.3.2. The observed inactivation of microorganisms was dependent
on incubation with long-lived reactive species in the PTW and acidification of the PTW during the
post-plasma treatment time.

2.8.3. Combined Treatment

For the detection of synergistic effects of a combined PTW and PPA treatment, the single working
steps for PTW and PPA treatment, described before in 2.8.1 and 2.8.2, were matched.

In a first step, PTW was added to the specimen for decontamination and in a second step;
these treated specimens were dried and decontaminated by PPA. Different treatment times of combined
PTW and PPA were tested (Table 2).

Table 2. Investigated pre- and post-treatment times of PTW (plasma-treated water) and PPA
(plasma-processed air) applied separately and in combination.

PPA
PTW

w/o 5 s +
1 min

5 s +
3 min

5 s +
5 min

15 s +
1 min

15 s +
3 min

15 s +
5 min

50 s +
1 min

50 s +
3 min

50 s +
5 min

w/o x x x x x x x x x
5 s + 1 min x x x s x x s x x s
5 s + 3 min x x x s x x s x x s
5 s + 5 min x x x s x x s x x s

15 s + 1 min x x x s x x s x x s
15 s + 3 min x x x s x x s x x s
15 s + 5 min x x x s x x s x x s
50 s + 1 min x x x s x x s x x s
50 s + 3 min x x x s x x s x x s
50 s + 5 min x x x s x x s x x s

w/o = without, single treatment with PPA or PTW; x = all investigated microorganisms (bacteria, spores); s = only
endospores of B. atrophaeus.

2.8.4. Calculations for the PTW and PPA Treatment

We postulate a synergistic effect that enhances the microbial effectiveness when PTW and PPA
have been used in a combined manner. The following chapter focuses on that synergistically enhanced
antimicrobial potential of PPA and PTW. Therefore, the experimental set up embraces measurements
of the reduction factors (R̃F) of PE-samples that have been treated separately and combined by PTW
and PPA, respectively. A sample, which undergoes a combined treatment, is treated with PTW and
afterwards treated by the gaseous PPA. Combined effects can be additive, synergistic or simply reveal
a decreased antimicrobial efficacy (antagonistic).

The experiments were evaluated by the determination of the RF, which was calculated as a ratio
between the concentration of the microorganisms on a reference and the concentration on a treated
sample. The concentrations of microorganisms were determined on agar-plates as described above.
Counted samples underwent either a separated treatment or a combined procedure.

For treated samples, the RF was calculated as follows:

RF =
nRe f

MO

nSam
MO

(1)
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nRe f
MO : concentration o f microorganismn o f the re f erence

nSam
MO : concentration o f microorganismn o f the treated sample

R̃F = lg(RF) (2)

The standard deviation of the reduction factor (∆RF) was calculated as follows:

∆RF =

√√√√( ∂RF

∂nRe f
MO

· ∆nRe f
MO

)2

+

(
∂RF

∂nSam
MO

· ∆nSam
MO (i)

)2

(3)

∂R

∂nRe f
MO

=
1

nSam
MO (i)

(4)

∂R
∂nSam

MO
= −

nRe f
MO

nSam
MO (i)2 (5)

∆RF =

√√√√( 1
nSam

MO (i)
· ∆nRe f

MO

)2

+

(
nRe f

MO

nSam
MO (i)2 · ∆nSam

MO (i)

)2

(6)

∆nRe f
MO : error o f re f erence

∆nSam
MO (i) : error o f sample i

∆RF : error o f reduction f actor

3. Results

3.1. Antimicrobial Efficacy of Single PTW/PPA Treatment and Synergistic Effects

An important factor when comparing two disinfection processes is whether they were added in the
linear or logarithmic scale. This depends on the procedures themselves (here PTW and PPA treatment)
and the treatment conditions. In the best case from the point of view of hygiene, both treatments act
completely independent of each other. In this case, the reduction factor (R̃F) of both treatments could
be added in the logarithmic scale (R̃Fcomb = R̃Fadd). In order to identify the kind of interaction, the
logarithmic scale of the combined treatments (R̃Fcomb) were compared with the sum in the logarithmic
scale of the individual treatments (R̃Fadd). Therefore, if we obtain a measured reduction factor for our
combined procedure (R̃Fcomb) which is smaller than the sum of the measured individual procedure
steps (R̃Fadd = R̃FPTW + R̃FPPA) than the individual inactivation steps do not work utterly independent
from each other. This case is called antagonistic and is marked in the tables for better allocation in red
(R̃Fcomb < R̃Fadd). If we achieved a combined reduction factor equal to the added value (R̃Fcomb = R̃Fadd)
in the experiments, we have completely independent operating processes and this is called additive
and indicated by yellow in the tables. If we gain additional inactivation mechanisms, which is indicated
by R̃Fcomb > R̃Fadd it is called synergistic and is labelled in the tables in green. If the detection limit
was reached in the microbiological experiments and the values could not be compared, this is marked
in blue. The limitations of the specific application must always be taken into account when optimizing
the application parameters. In most cases, this will have an influence on the applicable treatment
times for the PTW and the PPA procedure or on the duration of the whole process. These acceptable
treatment times define a region within the tables. Within this area, the green and blue marked values
represent the optimal range, which was used for the optimal process window. Unfortunately, this is
also dependent on the microorganisms, which should be inactivated by the process. As an example,
four different microorganisms are displayed: P. carotovorum in Table 3, L. monocytogenes in Table 4,
E. coli in Table 5 and endospores of B. atropheaus in Table 6.



Foods 2019, 8, 55 9 of 24

Table 3. Experimental (R̃Fcomb) and calculated (R̃Fadd) data of separated and combined use of PPA (plasma-processed air) and PTW (plasma treated water) under
different pre- and post-treatment times for antimicrobial effects on P. carotovorum. Color code for effects of combined PTW/PPA treatments: red = antagonistic,
yellow = additive, green = synergistic, blue = detection limit reached within the experiments. w/o = without. Exp. = experimental, Calc. = calculated.

PPA
PTW

w/o 5 s + 1 min 5 s + 3 min 5 s + 5 min 15 s + 1 min 15 s + 3 min 15 s + 5 min 50 s + 1 min 50 s + 3 min 50 s + 5 min

w/o
Exp. 2.46 ± 0.10 2.57 ± 0.55 2.57 ± 0.38 2.51 ± 0.18 2.56 ± 0.24 2.73 ± 0.26 2.69 ± 0.02 2.89 ± 0.26 3.01 ± 0.37
Calc.

5 s + 1 min
Exp. 0.87 ± 0.49 2.76 ± 0.65 2.93 ± 0.56 1.91 ± 0.53 2.82 ± 0.24 4.62 ± 0.20 3.93 ± 0.60
Calc. 3.33 3.44 3.38 3.43 3.56 3.76

5 s + 3 min
Exp. 1.49 ± 0.23 4.32 ± 0.4 2.49 ± 0.42 2.85 ± 0.53 3.74 ± 0.02 4.45 ± 0.32 4.57 ± 0.00
Calc. 3.95 4.06 4.00 4.05 4.18 4.38

5 s + 5 min
Exp. 1.84 ± 1.06 4.73 ± 0.00 3.73 ± 0.00 3.12 ± 0.60 4.33 ± 0.59 4.72 ± 0.00 4.57 ± 0.00
Calc. 4.30 4.41 4.35 4.40 4.53 4.73

15 s + 1 min
Exp. 1.48 ± 0.16 5.00 ± 0.54 4.73 ± 0.00 3.14 ± 1.14 5.07 ± 0.69 5.42 ± 0.35 5.57 ± 0.00
Calc. 3.94 4.05 3.99 4.04 4.17 4.37

15 s + 3 min
Exp. 1.47 ± 0.30 5.56 ± 0.17 4.73 ± 0.00 4.67 ± 1.08 5.96 ± 0.17 5.72 ± 0.00 5.57 ± 0.00
Calc. 3.93 4.04 3.98 4.03 4.16 4.36

15 s + 5 min
Exp. 2.81 ± 0.44 5.69 ± 0.00 4.73 ± 0.00 6.39 ± 0.00 6.08 ± 0.00 5.72 ± 0.00 5.57 ± 0.00
Calc. 5.27 5.38 5.32 5.37 5.50 5.70

50 s + 1 min
Exp. 1.85 ± 0.33 5.69 ± 0.00 4.73 ± 0.00 6.39 ± 0.00 5.71 ± 0.40 5.72 ± 0.00 5.57 ± 0.00
Calc. 4.31 4.42 4.36 4.41 4.54 4.74

50 s + 3 min
Exp. 1.94 ± 0.22 5.69 ± 0.00 4.73 ± 0.0 6.39 ± 0.00 5.96 ± 0.17 5.72 ± 0.00 5.57 ± 0.00
Calc. 4.40 4.51 4.45 4.50 4.63 4.83

50 s + 5 min
Exp. 3.64 ± 0.93 5.69 ± 0.00 4.73 ± 0.00 6.39 ± 0.00 6.08 ± 0.00 5.72 ± 0.00 5.57 ± 0.00
Calc. 6.10 6.21 6.15 6.20 6.33 6.53

The following explanation should help to explain the colors in Table 3. The meaning of the colors used in Table 3 to speed up the visual acquisition of the results was the same as in
Tables 4–6 below. Red color:—example for PTW with 15 s pre-treatment + 1 min post-treatment combined; with PPA with 5 s pre-treatment + 1 min post-treatment; experimental value of
2.51 ± 0.18 for single PTW treatment; experimental value of 0.87 ± 0.49 for single PPA treatment; calculated value of combined PTW/PPA treatment based on experimental; values of
single treatments mean 2.51 + 0.87 = 3.38; experimental value of 1.91 ± 0.53 for combined PTW/PPA treatment; antagonistic (red) result for combined treatment as the calculated value
of 3.38 is higher than the experimental value of 1.91; including standard deviation of 0.53 for experimental value of combined treatment led to a maximum of 2.44 for R̃F, still lower
than 3.38; table field is marked with red, due to antagonistic value for R̃F. Yellow color:—example for PTW with 5 s pre-treatment + 1 min post-treatment combined with PPA with 5 s
pre-treatment + 1 min post-treatment; experimental value of 2.46 ± 0.10 for single PTW treatment; experimental value of 0.87 ± 0.49 for single PPA treatment; calculated value of combined
PTW/PPA treatment based on experimental values of single treatments means 2.46 + 0.87 = 3.33; experimental value of 2.76 ± 0.65 for combined PTW/PPA treatment; antagonistic result
for combined treatment as the calculated value of 3.33 is higher than the experimental value of 2.76; including standard deviation of 0.65 for experimental value of combined treatment led
to a minimum of 2.11 and maximum of 3.41 for R̃F, resemble to 3.33 as this value is in the range between 2.11 and 3.41; table field is marked with yellow, due to additive value for R̃F.
Green color:—example for PTW with 5 s pre-treatment + 1 min post-treatment combined with PPA with 15 s pre-treatment + 1 min post-treatment; experimental value of 2.46 ± 0.10 for
single PTW treatment; experimental value of 1.48 ± 0.16 for single PPA treatment; calculated value of combined PTW/PPA treatment based on experimental values of single treatments
means 2.46 + 1.48 = 3.94; experimental value of 5.00 ± 0.54 for combined PTW/PPA treatment; synergistic (green) result for combined treatment as the calculated value of 3.94 is lower
than the experimental value of 5.00; including standard deviation of 0.54 for experimental value of combined treatment led to a minimum of 4.46 for R̃F, still higher than 3.94; table field is
marked with green, due to synergistic value for R̃F. Blue color:—example for PTW with 5 s pre-treatment + 1 min post-treatment combined with PPA with 50 s pre-treatment + 5 min
post-treatment; experimental value of 2.46 ± 0.10 for single PTW treatment; experimental value of 3.64 ± 0.93 for single PPA treatment; calculated value of combined PTW/PPA treatment
based on experimental values of single treatments means 2.46 + 3.64 = 6.10; experimental value of 5.69 ± 0.00 for combined PTW/PPA treatment; detection limit (blue) for experiment was
reached, no comparison between experimental and calculated R̃F for combined treatment possible; table field is marked with blue, due to reaching the detection limit for experimental R̃F.
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Table 4. Experimental and calculated data of separated and combined use of PPA (plasma-processed air) and PTW (plasma-treated water) under different pre- and
post-treatment times for antimicrobial effects on L. monocytogenes. Color code for effects of combined PTW/PPA treatments: red = antagonistic, yellow = additive,
green = synergistic, blue = detection limit reached within the experiments. w/o = without. Exp. = experimental, Calc.= calculated.

PPA
PTW

w/o 5 s + 1 min 5 s + 3 min 5 s + 5 min 15 s + 1 min 15 s + 3 min 15 s + 5 min 50 s + 1 min 50 s + 3 min 50 s + 5 min

w/o
Exp. 0.65 ± 0.05 0.67 ± 0.02 0.71 ± 0.15 1.03 ± 0.25 0.82 ± 0.16 1.12 ± 0.34 1.35 ± 0.03 1.35 ± 0.06 1.43 ± 0.07
Calc.

5 s + 1 min
Exp. 0.91 ± 0.18 1.72 ± 0.31 2.60 ± 0.19 1.85 ± 0.25 2.45 ± 0.72 2.70 ± 0.29 2.63 ± 0.11
Calc. 1.56 1.58 1.94 1.73 2.26 2.26

5 s + 3 min
Exp. 1.11 ± 0.08 1.93 ± 0.47 2.97 ± 0.19 1.98 ± 0.50 2.51 ± 0.59 2.85 ± 0.44 3.20 ± 0.55
Calc. 1.76 1.78 2.14 1.93 2.46 2.46

5 s + 5 min
Exp. 1.24 ± 0.29 2.67 ± 0.10 3.18 ± 0.15 2.46 ± 0.44 2.58 ± 0.25 3.99 ± 0.49 4.02 ± 0.58
Calc. 1.89 1.91 2.27 2.06 2.59 2.59

15 s + 1 min
Exp. 1.05 ±

0.052 2.95 ± 0.19 3.58 ± 0.15 2.97 ± 0.36 3.18 ± 0.75 5.17 ± 0.24 4.06 ± 1.01

Calc. 1.70 1.72 2.08 1.88 2.40 2.40

15 s + 3 min
Exp. 1.94 ± 0.14 5.50 ± 0.28 4.06 ± 0.12 4.22 ± 0.75 3.42 ± 0.12 4.99 ± 0.39 5.20 ± 0.45
Calc. 2.59 2.61 2.97 2.76 3.29 3.29

15 s + 5 min
Exp. 2.50 ± 0.08 5.72 ± 0.00 4.93 ± 0.31 5.34 ± 0.00 4.78 ± 0.00 4.90 ± 0.42 5.33 ± 0.35
Calc. 3.15 3.17 3.53 3.32 3.85 3.85

50 s + 1 min
Exp. 3.25 ± 0.84 5.72 ± 0.00 5.02 ± 0.51 5.34 ± 0.00 4.78 ± 0.00 5.34 ± 0.17 5.26 ± 0.40
Calc. 3.90 3.92 4.28 4.08 4.60 4.60

50 s + 3 min
Exp. 4.53 ± 0.00 5.72 ± 0.00 5.18 ± 0.49 5.34 ± 0.00 4.78 ± 0.00 5.47 ± 0.00 5.63 ± 0.00
Calc. 5.18 5.20 5.56 5.36 5.88 5.88

50 s + 5 min
Exp. 4.53 ± 0.00 5.72 ± 0.00 5.35 ± 0.35 5.34 ± 0.00 4.78 ± 0.00 5.47 ± 0.00 5.63 ± 0.00
Calc. 5.18 5.20 5.56 5.36 5.88 5.88
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Table 5. Experimental and calculated data of a separated and combined use of PPA (plasma-processed air) and PTW (plasma-treated water) under different pre-
and post-treatment times for antimicrobial effects on E. coli K12. Color code for effects of combined PTW/PPA treatments: red = antagonistic, yellow = additive,
green = synergistic, blue = detection limit reached within the experiments. w/o = without. Exp. = experimental, Calc. = calculated.

PPA
PTW

w/o 5 s + 1 min 5 s + 3 min 5 s + 5 min 15 s + 1 min 15 s + 3 min 15 s + 5 min 50 s + 1 min 50 s + 3 min 50 s + 5 min

w/o
Exp. 0.77 ± 0.11 1.01 ± 0.14 0.73 ± 0.04 1.08 ± 0.16 1.48 ± 0.27 1.41 ± 0.29 1.50 ± 0.18 1.82 ± 0.03 2.12 ± 0.11
Calc.

5 s + 1 min
Exp. 1.53 ± 0.13 2.03 ± 0.34 1.68 ± 0.27 1.91 ± 0.43 2.77 ± 0.37 3.80 ± 0.53 2.77 ± 1.59
Calc. 2.30 2.54 2.61 3.01 3.03 3.35

5 s + 3 min
Exp. 1.44 ± 0.05 1.64 ± 0.13 1.77 ± 0.76 1.90 ± 1.37 2.79 ± 0.50 4.47 ± 0.00 3.03 ± 0.44
Calc. 2.21 2.45 2.52 2.92 2.94 3.26

5 s + 5 min
Exp. 1.41 ± 0.09 3.07 ± 0.85 2.09 ± 0.96 1.96 ± 1.53 3.39 ± 0.64 4.47 ± 0.00 3.86 ± 0.96
Calc. 2.18 2.42 2.49 2.89 2.91 3.23

15 s + 1 min
Exp. 2.25 ± 0.60 3.75 ± 0.49 3.00 ± 0.30 2.85 ± 1.03 4.24 ± 0.70 3.99 ± 0.39 5.37 ± 0.00
Calc. 3.02 3.26 3.38 3.73 3.75 4.07

15 s + 3 min
Exp. 3.78 ± 0.60 4.23 ± 0.00 5.04 ± 0.28 4.47 ± 0.00 5.14 ± 0.00 4.47 ± 0.00 5.37 ± 0.00
Calc. 4.55 4.79 4.86 5.26 5.28 5.60

15 s + 5 min
Exp. 4.42 ± 0.00 4.23 ± 0.00 5.27 ± 0.00 4.47 ± 0.00 5.14 ± 0.00 4.47 ± 0.00 5.37 ± 0.00
Calc. 5.19 5.43 5.50 5.90 5.92 6.24

50 s + 1 min
Exp. 4.42 ± 0.00 4.23 ± 0.00 5.27 ± 0.00 4.47 ± 0.00 5.14 ± 0.00 4.47 ± 0.00 5.37 ± 0.00
Calc. 5.19 5.43 5.50 5.90 5.92 6.24

50 s + 3 min
Exp. 4.42 ± 0.00 4.23 ± 0.00 5.27 ± 0.00 4.47 ± 0.00 5.14 ± 0.00 4.47 ± 0.00 5.37 ± 0.00
Calc. 5.19 5.43 5.50 5.90 5.92 6.24

50 s + 5 min
Exp. 4.42 ± 0.00 4.23 ± 0.00 5.27 ± 0.00 4.47 ± 0.00 5.14 ± 0.00 4.47 ± 0.00 5.37 ± 0.00
Calc. 5.19 5.43 5.50 5.90 5.92 6.24
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Table 6. Experimental and calculated data of separated and combined use of PPA (plasma-processed air) and PTW (plasma-treated water) under different pre-
and post-treatment times for antimicrobial effects on endospores of B. atrophaeus. Color code for effects of combined PTW/PPA treatments: red = antagonistic,
yellow = additive, green = synergistic, blue = detection limit reached within the experiments. w/o = without. Exp. = experimental, Calc.= calculated.

PPA
PTW

w/o 5 s + 1 min 5 s + 3 min 5 s + 5 min 15 s + 1 min 15 s + 3 min 15 s + 5 min 50 s + 1 min 50 s + 3 min 50 s + 5 min

w/o
Exp. 0.38 ± 0.12 0.31 ± 0.26 0.35 ± 0.05 0.09 ± 0.40 0.14 ± 0.04 0.31 ± 0.08 0.01 ± 0.12 0.16 ± 0.09 0.45 ± 0.17
Calc.

5 s + 1 min
Exp. 0.12 ± 0.03 0.73 ± 0.55 1.73 ± 0.10 1.67 ± 0.19 1.53 ± 0.18 0.03 ± 1.05 2.48 ± 0.07 2.33 ± 0.04 1.89 ± 1.00 1.28 ± 0.18
Calc. 0.50 0.43 0.47 0.21 0.26 0.43 0.13 0.28 0.57

5 s + 3 min
Exp. 0.25 ± 0.17 1.36 ± 0.22 1.91 ± 0.17 2.07 ± 0.27 1.54 ± 0.10 1.51 ± 0.14 2.57 ± 0.17 2.31 ± 0.17 2.74 ± 0.21 1.39 ± 0.28
Calc. 0.63 0.56 0.60 0.34 0.39 0.56 0.26 0.41 0.70

5 s + 5 min
Exp. −0.02 ±

0.12 1.40 ± 0.37 2.07 ± 0.16 2.24 ± 0.11 1.70 ± 0.15 1.64 ± 0.29 2.70 ± 0.35 2.77 ± 0.30 2.74 ± 0.46 1.35 ± 0.09

Calc. 0.36 0.29 0.33 0.07 0.12 0.29 −0.01 0.14 0.43

15 s + 1 min
Exp. 0.11 ± 0.06 1.11 ± 0.18 1.56 ± 0.45 1.78 ± 0.29 1.73 ± 0.1 0.80 ± 0.54 2.66 ± 0.42 2.31 ± 0.38 2.62 ± 0.10 1.13 ± 0.19
Calc. 0.49 0.42 0.46 0.20 0.25 0.42 0.12 0.27 0.56

15 s + 3 min
Exp. −0.11 ±

0.07 1.74 ± 0.17 1.68 ± 0.42 1.88 ± 0.21 1.65 ± 0.07 1.50 ± 0.12 2.71 ± 0.33 2.32 ± 0.24 2.93 ± 0.27 1.77 ± 0.31

Calc. 0.27 0.20 0.24 −0.02 0.03 0.20 −0.10 0.05 0.34

15 s + 5 min
Exp. −0.46 ±

0.50 2.23 ± 0.19 1.79 ± 0.99 2.31 ± 0.28 1.72 ± 0.15 1.93 ± 0.18 2.81 ± 0.38 2.64 ± 0.79 3.19 ± 0.26 2.03 ± 0.33

Calc. −0.08 −0.15 −0.11 −0.37 −0.32 −0.15 −0.45 −0.30 −0.01

50 s + 1 min
Exp. 1.04 ± 0.50 2.28 ± 0.59 1.90 ± 0.77 1.79 ± 0.09 1.7 ± 0.43 0.57 ± 0.54 2.47 ± 0.58 2.77 ± 0.71 2.71 ± 0.14 1.38 ± 0.19
Calc. 1.42 1.35 1.39 1.13 1.18 1.35 1.05 1.20 1.49

50 s + 3 min
Exp. 1.61 ± 0.38 2.37 ± 0.54 2.07 ± 0.28 1.99 ± 0.21 1.64 ± 0.20 1.71 ± 0.15 2.52 ± 0.14 2.64 ± 0.23 2.77 ± 0.29 2.07 ± 0.51
Calc. 1.99 1.92 1.96 1.70 1.75 1.92 1.62 1.77 2.06

50 s + 5 min
Exp. 2.74 ± 0.17 2.78 ± 0.30 2.31 ± 0.30 3.49 ± 0.51 2.13 ± 0.59 2.61 ± 0.33 3.00 ± 0.67 2.91 ± 0.63 3.57 ± 0.32 2.99 ± 0.68
Calc. 3.12 3.05 3.09 2.83 2.88 3.05 2.75 2.90 3.19
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3.1.1. Pectobacterium Carotovorum ATCC 15713

Table 3 shows the results for the separated and combined treatments of P. carotovorum with PTW
and PPA.

An increase of the reduction factor was observed, if both treatment times (pre- and post-treatment)
were increased for single PTW and PPA application. The synergistic effect of the combined PTW/PPA
treatment was pronounced by 50 s plasma-on time for PTW and 15 s as well as 50 s plasma-on time for
PPA. The increase of the post-treatment time was less influential on the increase of the reduction factor.

The fact that the effect of the post-treatment time was less pronounced than that of the
pre-treatment time—which was correlated mainly with the concentration of active species—showed
the dominance of concentration over time. This could explain also the high efficacy of the PPA process
in comparison to the PTW process. It was obviously much easier to achieve high species concentration
in the gas than in the liquid phase due to the higher density of liquids.

3.1.2. Listeria Monocytogenes ATCC 15313

Table 4 displays the reduction factors for L. monocytogenes obtained in separated and combined
PTW and PPA treatments.

If both treatment times (pre- and post-treatment) were increased for single PTW and PPA
application, an increase of the reduction factor could be observed. This effect was stronger for
PPA treatment. The synergistic effect of the combined PTW/PPA treatment was more pronounced by
3 minutes post-treatment time of PTW as by 1 minute. For PPA a 15 s plasma-on time has shown the
best synergistic results. In all combinations, no antagonistic effects could be observed.

3.1.3. Escherichia coli K12 NCTC 10538

Table 5 gives the results for the separated and combined treatment of E. coli with PTW and PPA.
If both treatment times (pre- and post-treatment) were increased for single PTW and PPA

application, an increase of the reduction factor could be observed. The synergistic effect of the
combined PTW/PPA treatment was pronounced by 50 s plasma-on time for PTW and 15 s as well as
50 s plasma-on time for PPA. The increase of the post-treatment time also has an impact on the increase
of the reduction factor. However, the blue colored fields indicated that the detection limit was reached
fast during the experiments; therefore, it is difficult to classify this as an increased antimicrobial effect.

3.1.4. Bacillus Atrophaeus Endospores ATCC 9372

Table 6 shows the reduction factors for B. atrophaeus endospores obtained through separated and
combined PTW and PPA treatments.

If both treatment times (pre- and post-treatment) were increased for a single PTW and PPA
application, an increase in the reduction factor could be observed only for the PPA treatment.
The synergistic effect of the combined PTW/PPA treatment was more pronounced with shorter
pre-treatment times of PPA (5s and 15s). This was contrary to the investigated vegetative bacteria.
For the 50 s pre-treatment with PPA the synergistic effect changed to additive and antagonistic results.

3.2. Chemical Analysis of PTW

3.2.1. Influence of pH Value

After dilution of the PTW with PBS buffer, which was set by pH 7.4, the pH of the mixture
dropped to 6.2 or higher. Measurements of unbuffered PTW showed that the nitrite and nitrate values
were not constant over the time. On the other hand, after addition of the PBS buffer, nitrite and nitrate
were found in a stable equilibrium for at least 4 h.
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3.2.2. Nitrite Measurement

As expected, the nitrite values had a pronounced dependence on the pre-treatment time (plasma
on time). Concentrations between 76.2 to 417.1 mg L−1 were found in photometric measurements
and between 83.1 to 476.9 mg L−1 for an ion chromatographic analysis (Figure 3). The photometrical
determined values showed a distinct correlation with values obtained from ion chromatographic
measurements with regard to their error margins (Figure 4). This was unexpected, because the nitrite
test Spectroquant® only senses concentrations up to 2.5 mg L−1. Therefore, the samples have to be
diluted to fit the test’s range. A procedure that introduces error sources, which are obviously negligible.
In addition, the good agreement between the photometric values and the results of ion chromatography
(IC) indicated solutions that do not optically disturbed the photometric nitrite determination in PTW.Foods 2019, 8, x FOR PEER REVIEW 15 of 24 
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3.2.3. Nitrate Measurements

Consequently, the nitrate values showed also a dependency on the pre-treatment time (plasma-on
time), whose mean values ranged from 210.3 to 1644.4 mg L−1 (Figure 5).

In contrast to nitrite, the nitrate values determined with nitrate test Spectroquant® differed
significantly from IC values, which is caused by a disturbance of nitrite in the measurement solution.
Therefore, Figure 5 only gives the nitrate values obtained by IC. The nitrate values were 2.7 to 3.9 times
higher than the nitrite values.Foods 2019, 8, x FOR PEER REVIEW 16 of 24 
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4. Discussion

The production of food and other produce (e.g., pharmaceuticals or cosmetics) requires a high
hygienic standard, which ensures a high quality and a safe usage of these products. A factor that gains
importance when the produce must fulfill high microbiologic demands. Especially in the food industry,
poor or inadequate hygienic surroundings lead to health infections and foodborne diseases as well
as to high production losses. The high nutrient content and the relatively high pH value (pH 5.5 to
7) of some fruits and vegetables may increase the growth of pathogens [37]. Usually, bacterial and
fungal contaminations of foods or their processing environments plus interrupted freezer chains are
responsible for foodborne diseases, production and quality losses. Typical human pathogens found
in food are L. monocytogenes, Salmonella sp., Clostridium sp., E. coli, S. aureus, and Aspergillus sp.
Many molds (e.g., Fusarium sp.), oomycetes, Xanthomonas sp., Erwinia sp. and Pseudomonas sp.
may parasitically live and found in any phyto-pathogen. Therefore, the inactivation of human and
phyto-pathogens is the foundation for a safe consumption of any product and, thus, radiates (effects
downstream) in many social and economic areas. Our chosen bacteria (P. carotovorum, L. monocytogenes
and E. coli) and the endospores of B. atrophaeus cover a broad spectrum of possible food contaminations.
The picked microorganisms may be responsible for human or plant diseases and for the formation
of biofilms.

In the field of conventional cleaning methods, a distinction has been made between COP (cleaning
out of place) and CIP (cleaning in place). The COP process includes high-pressure cleaning in
combination with foam cleaning supported by a manual cleaning of individual plant components. It is
a step which is irregularly necessary. The foam used during cleaning is rinsed off with water after
a defined contact time. The CIP process is often an automated cleaning process in a closed circuit,
also known as recirculation cleaning. Water, steam, alkalis, acids or enzymatic solutions have been
used as cleaning agents. The third possibility in the food industry is “washing in place”, which is the
cleaning of different components in dipping baths or dishwashers. Furthermore, UV radiation has
often been used to ensure disinfection after cleaning. Other decontamination techniques including
ozone that is a potent antimicrobial agent comprise the drawback of material damage when the
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concentration of the agent is too high. Regular cleaning and disinfection cycles of the production
plants and rooms for contaminants removal means high costs, less productivity, maybe highly polluted
wastewater and material damage for the manufacturer. Hence, the food industry faces a wide range of
challenges. Therefore, there is a great demand for innovative process concepts, which complements
or replaces the existing systems with resource-saving, versatile and efficient technologies. Behind
that background, the use of direct and indirect non-thermal plasma-based decontamination methods
appears to be promising. The advantages of a decontamination agent that acts quickly, does not leave
toxic residues on the food surface or in the exhaust gasses and an adjustable, product-specific process
temperature compensate the disadvantage of high energy costs by the production of the PTW and
PPA [38]. The promising and easy integration of antimicrobial potent species, which have been directly
provided by the plasma itself or from plasma-processed compounds upstream into a non-thermal
treatment mode, makes non-thermal plasmas particularly attractive for the decontamination in
food processing [39]. Plasma processes are usually easy to use, inexpensive and suitable for the
decontamination of products where high heat is not desired [40]. The experimental set-up described in
this publication for the PTW- and PPA-based inactivation of the presented microorganisms can exclude
stresses such as temperature, pressure or radiation. However, PPA and PTW embrace reactive nitrogen
species such as NO and NO2 and HNO2 and HNO3, respectively, which may have a harmful impact
on the produce’s surface. Nevertheless, only about 3% of used air has been processed and most of the
water leaved untreated. If compared to their expected natural resistance and virulence, the presented
antimicrobial inactivation (separate and combined) on PET-stripes will remain surprising. The different
formation and composition of the cell wall and membrane of Gram-negative and Gram-positive
bacteria can lead to a higher resistance of Gram-positive bacteria compared to Gram-negative bacteria
to stress factors (e.g., plasma). Fungi (mold and yeasts), conidiospores and endospores can be even
more resistant to such stresses [10]. However, the results present a different bacterial behavior, the
Gram-positive L. monocytogenes has been inactivated in most cases with an additive or synergistic
effect, no inhibitory case has been seen. On the other hand, the two Gram-negative bacteria E. coli and
P. carotovorum showed a weaker inactivation where inhibitory cases have been also detected. A more
general aspect for both types of PTW/ PPA treatment, which has been obtained for all bacteria, was the
fact that an increased pre- and post-treatment time let to an increase in the decontamination rate.
Another unexpected point was the inactivation kinetics of endospores of B. atrophaeus. Commonly,
endospores of bacteria are known as the most resistant microorganisms. However, in our experiments,
the combination of all PTW-treatments with short and middle PPA treatments (5 s + 3 min up to
15 s + 5 min) was synergistic. Only the five s + 1 min treatment shows also additive effects. Extension of
the PPA treatment to 50 s combined with one, three and five min lead to more additive and inhibitory
effects. A previous work showed promising inactivation results for different microorganisms on
polymeric surfaces and plant tissue by PPA and PTW in single use [13,35,41,42].

There are many possible mechanisms induced by PTW/PPA treatment, which may underlie the
observed results. However, the effective inactivation mechanisms, and any involved signal pathways
induced by direct and indirect plasma treatment are still unidentified. A first aspect of inactivation
could be an acidification [43] as known for lactic acid. Causing a depression of the pH value inside a
bacterial cell by ionization of the undissociated acidic molecules or a disorder of the substrate transport
by an alteration of the cell membrane´s permeability may be addressed as a mechanism that cause cell
inactivation. Additionally, pH values lower than 4.0 influence the growth of most foodborne bacteria
negatively. Due to the chemical behavior of PTW and PPA, regardless whether applied separately or
combined, an acidification on the specimen’s surface and therefore, in the direct microbial environment
can be expected [14,35,44,45]. This expected acidification may lead to a similar inactivation mode as it
has been observed for lactic acid.

Another reason for the inactivation of microorganisms by PTW and PPA can be the humidity
in the PPA- and PTW-process, which is provided by the ambient/compressed air or the water itself.
Maeda et al., (2003) have reported about the influence of moisture in air on bacterial inactivation [46].
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They observed a nearby dependency of microbiological inactivation on moisture in air for E. coli.
The investigated microorganism showed a maximum inactivation rate at 43% relative humidity as it
occurs in laboratory/room air.

The results for E. coli K12 in the present work showed an increase of inactivation by increased
treatment times for a separated and combined PTW and PPA treatment. However, an improvement of
the detection limit would lead to more clarity about synergistic efficacy.

The importance of the moisture of a plasma gas for the inactivation of Bacillus subtilis endospores
and Aspergillus niger conidiospores was also investigated by Muranyi et al., (2008) [47]. These scientists
showed reductions up to five lg within seven s at zero percent relative gas humidity and up to
four lg at 80% gas humidity for the endospores. Their observation was that high amounts of gas
humidity weaken the inactivation of plasma gasses. This could be an explanation for the decreasing
inactivation effect, which was seen in our investigations for endospores of B. atrophaeus. Longer
combined treatment times that ensure a longer contact time between the PTW treated spores and the
PPA let to more additive and inhibitory effects.

The third and maybe most important explanatory approach may result from the chemical
composition of the PTW and the PPA. Behind that background, many antimicrobial efficient reactive
oxygen and nitrogen species tending into the focus. Therefore, experimental investigations of the
chemical composition of PPA and PTW are crucial to understand the biochemical reactions, which are
responsible for the microbial inactivation. The chemical analysis showed that reactive oxygen species
(ROS) and reactive nitrogen species (RNS) were detectable in both, PTW and PPA. The detected
chemical species in PPA and PTW were OH, NO, NO2 and NO, NO2, respectively. The detection of
hydrogen peroxide as well as peroxynitrite in PTW will be a part of further investigations. However,
it is most probably that nitrite and nitrate are only the final products of complex reaction chains in
PPA and PTW. Hydroxyl radicals (OH*) are well known as strong oxidizing agents that can damage
microbial cells [10,43,48]. The photo dissociation of ozone to oxygen and singlet oxygen may also
be a possibility to generate hydroxyl radicals. Oxygen and singlet oxygen can react with water to
hydroxyl radicals [49]. Another highly antimicrobial effective chemical, hydrogen peroxide, can be
formed by the reaction of two OH* [50]. Due to the plasma set-up and used dry air (below 32% relative
humidity), chemical reactions and species, which mainly based on RNS are predominantly expected in
our work. Nitrogen monoxide (NO*) is generated by nitrogen and oxygen, both can be found in air.
The generation of NO* further reacts to nitrogen dioxide (NO2*) if oxygen (O2) is available as reaction
component. The long-living radicals NO* and NO2* are known for their antimicrobial effectivity.
In addition, NO* may react with ozone (O3) to NO2* and O2. Another possible reaction of NO* and
NO2* can form dinitrogen trioxide (N2O3), which may react with O3 to nitrogen trioxide radical (NO3*)
via dinitrogen hexoxide. Peroxynitrite, assumed to be highly antimicrobial, could be a product by the
reaction of NO* with a superoxide radical [43,51]. The summarized reactions are theoretical possible
in dry air after a plasma ignition. Reactions that are taking place in moisture surroundings may also
be taken into account. High water amounts of treated products itself or wash water residues on abiotic
surfaces may provide moisture reaction chambers. NO*, O2 and water (H2O) react to nitrite (NO2

−)
and hydrogen (H+). If instead of NO*, NO2* reacts with O2 and H2O, H+ and nitrate (NO3

− are the
reaction products. The reaction of N2O3, which is generated in gas and gas/water phase, with water
may additionally occur and result in NO2

− and H+. The two radicals NO3* and NO2* form dinitrogen
pentoxide in occurrence of H2O [43,51]. Dinitrogen pentoxide can react with water to NO3

− and H+.
However, in our experimental set-up, OH radicals have not been detected. This might be due to

the absence of oxygen radicals because of a restrained energy uptake (from the microwave). Another
possibility could be the generation of water clusters such as (H2O)NO or (H2O)OH.

Nevertheless, the solutions applied in the experiments showed a strong acidification, which might
be a result of the long-living generated radicals NO* and NO2* that react with water to nitrous acid
(HNO2) and nitric acid (HNO3). Usually HNO2 decays to H+ and NO2

−, but a pH value beneath
2.75 could lead to a spontaneous forming of OH* and NO* radicals. Numerous of the postulated
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ions, radicals and molecules are known for their strong antimicrobial effects. In combination with
the antimicrobial potential of a pH shift into acidic surroundings, the occurrence of such compounds,
which are also influenced by the pH, may result in the observed microbial inactivation. Further
investigations are necessary and will provide a better insight into the chemical and biochemical
processes underlying the antimicrobial effects observed and assumed in the presented work.

An important aspect to mention here is the possible VBNC (Viable but nonculturable) status of
many bacteria, which is assumed as an active bacterial response (surviving strategy) to unusual stresses.
A process that is comparable to the sporulation of Bacillus or Clostridium as well as the dormancy in
Micrococcus luteus [52,53]. This status means that bacteria do not proliferate on/in nutrient media
and therefore are not detectable in common proliferation assays. However, their metabolic activity,
like the intracellular ATP level or membrane potential, remains unchanged [54,55]. Contrary to this,
the synthesis of macromolecules and cell breath is limited [56]. Furthermore, changes in fatty acid and
protein composition of the double lipid layer (cytoplasmic membrane and cell wall) are possible [57–60].
Different triggers for VBNC status are described in literature. For instance, nutrient limitation (e.g.,
starvation in distilled water), salt and oxygen content, unfavorable incubation temperatures (e.g.,
low temperatures of 5 ◦C), shaking of growth containers, disinfectants and toxic metal ions (e.g.,
copper) are identified as VBNC inducers. Additionally, it also depends on the type of bacteria [61–71].
The resuscitation of VBNC cells is possible but not imperatively required [72,73]. Resuscitation,
which means that the bacteria gains back the proliferative ability, is triggered by different factors
divided in three categories: (1) reversal of the negative environmental factor, e.g., increasing the
incubation temperature to optimum, transferring bacteria to nutrient rich media [63,64]; (2) with
substances that can repair cell damage, e.g., ammonium chloride or sulphate [74,75]; (3) addition of
cell-own or cell-typical signaling molecules, e.g., pyruvate, RpF protein [76–79]. During VBNC status,
bacteria retain their virulence or, with regaining their cultivability, have a pathogenic effect again.
In addition, antibiotic resistance has been associated with the VBNC status; especially antibiotics
that are directed against the reproductive system of the bacteria have been affected [54,72,80–82].
Currently, literature describes for more than 60 species of bacteria the ability to change to VBNC
status, including E. coli and L. monocytogenes [83,84]. Many human pathogens are included in this
VBNC group, therefore, they should be recognized as a serious health risk to public health and future
work should include investigations for protein synthesis (e.g., FISH) as well as Live/Dead assays
(fluorescence) in combination with common proliferation assays.

However, the direct application of PTW and PPA seems to be possible, regardless of whether used
separated or combined, on abiotic surfaces in contact with fresh produce. Currently, strong impacts to
the fresh produce quality are not expected. First investigations with PPA on apple showed no impact
on texture and appearance and a very low impact on odor. The use of PTW for lettuce washing also
resulted in no negative effects on texture and color [15,85].

However, plants use radicals like ROS and RNS as a defense mechanism. This mechanism can
have a more local or a wider, systemic appearance [86,87]. An important messenger in their defense
signal pathways is NO* [88,89]. It has been shown by the literature that NO* is a crucial regulator of
many physiological processes in plants, including stomatal closure and plant growth as well as their
individual development [90–96]. Furthermore, NO* can regulate these processes directly by governing
gene transcription. Therefore, NO*-regulated genes are included in signal transduction, defense, cell
death, transport, basic metabolism and production as well as degradation of ROS. These radicals react
as activators or inhibitors of enzymes, ion channels, transcription factors and therefore regulate specific
processes during stress situations in plants. In the presented plasma set-up and PTW/PPA treatment,
the formation of RNS, especially NO*, occurs. The observed antimicrobial effects indicate the efficiency
of generated RNS. The future perspective of using PTW and/or PPA in food industry is promising,
due to low-priced consumables (compressed or ambient air, drinking water, current) and high grad
of adaptability for different applications (production lines). The agents can be produced on-demand,
and no special training for other chemicals is needed.
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5. Conclusions

The aim of this work was to develop a sanitation procedure that fulfills industrial demands.
Such procedures always embrace a cleaning and disinfection step. A new combined cleaning and
disinfection procedure based on one source of antimicrobial agent is proposed in this work. One single
plasma source, working self-supporting and on-demand can provide two different antimicrobial agents,
flexible in application and combination. These combined wet and drying processes are crucial to avoid
any residual humidity after the process cycle. In order to detect alterations in the chemical composition
of PTW (plasma-treated water) and PPA (plasma-processed air), nitrate and nitrite measurements were
performed and compared using two independent methods. By an intensive investigation of the impact
of PTW and PPA separately and in combination, detailed information about the single, as well as the
synergistic effects of the agents, could be obtained. The technical implementation and up-scaling of
PPA/PTW-technology into industrial processes will be the future challenge.

Author Contributions: U.S.: experimental design, performance, analysis, interpretation for microbiological
investigations, authoring of the submitted manuscript; O.H.: performance of microbiological investigations,
proofreading; K.Y.: investigation; B.Z.: performance of microbiological investigations; S.Z.: performance
of microbiological investigations; D.S.: performance of microbiological investigations; E.Z.: performance of
biochemical investigations; J.S.: technical support for microbiological and biochemical experiments; M.A.: plasma
physical support for microbiological and biochemical experiments, proofreading; H.B.: experimental design,
performance, analysis, interpretation for biochemical investigations, authoring of the submitted manuscript,
supervision of employees; J.E.: plasma physical support for microbiological and biochemical experiments,
supervision of employees, proofreading.

Funding: This work was partly funded by the project 3Plas (project funding reference number: 2819102813),
which was funded by the Federal Ministry for Food and Agriculture (BMEL) of Germany and supported by
the Federal Office for Agriculture and Food (BLE) within the program “Programm zur Innovationsförderung”.
This work was partly funded, too, by the project SAFEFRESH (project funding reference number: 13N12428),
which was funded by the Federal Ministry for Education and Research (BMBF) of Germany and supported by the
VDI Technologiezentrum GmbH (VDI TZ) within the program “Forschung für die zivile Sicherheit”.

Acknowledgments: We thank Thomas Weihe for his excellent language assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Misra, N.N.; Schlüter, O.; Cullen, P.J. Cold Plasma in Food and Agriculture—Fundamentals and Applications;
Elsevier Academic Press: Amsterdam, Netherlands, 2016; ISBN 9780128013656.

2. Tolvanén, R.; Lunden, J.; Horman, A.; Korkeala, H. Pilotscale continuous ultrasonic cleaning equipment
reduces Listeria monocytogenes levels on conveyor belts. J. Food Prot. 2009, 72, 408–411. [CrossRef] [PubMed]

3. Lundén, J.M.; Autio, T.J.; Sjoberg, A.-M.; Korkeala, H.J. Persistent and nonpersistent Listeria monocytogenes
contamination in meat and poultry processing plants. J. Food Prot. 2003, 66, 2062–2069. [CrossRef] [PubMed]

4. Kusumaningrum, H.D.; Riboldi, G.; Hazeleger, W.C.; Beumer, R.R. Survival of foodborne pathogen on
stainless steel surfaces and cross-contamination to foods. Int. J. Food Microbiol. 2002, 85, 227–236. [CrossRef]

5. Crick, C.R.; Ismail, S.; Pratten, J.; Parkin, I.P. An investigation into bacterial attachment to an elastomeric
superhydrophobic surface prepared via aerosol deposition. Thin Solid Films 2011, 519, 3722–3727. [CrossRef]

6. Gundelley, R.; Youm, G.W.; Kwon, Y.M. Survival of bacterial pathogens on antimicrobial conveyor belts.
J. Rapid Methods Autom. Microbiol. 2007, 15, 259–266. [CrossRef]

7. Assadian, O.; Kramer, A. Wallhäußers Praxis der Sterilisation, Antiseptik und Konservierung (Wallhäußer’s Practice
of Sterilization, Antiseptics and Conservation)—Qualitätssicherung der Hygiene in Industrie, Pharmazie und Medizin;
Georg Thieme Verlag KG: Stuart, Germany, 2008; ISBN 9783131411211.

8. Rossi, F.; Kylián, O.; Hasiwa, M. Decontamination of surfaces by low pressure plasma discharges.
Plasma Process. Polym. 2006, 3, 431–442. [CrossRef]

9. Gadri, R.B.; Roth, J.R.; Montie, T.C.; Kelly-Wintenberg, K.; Tsai, P.P.-Y.; Helfritch, D.J.; Feldman, P.;
Sherman, D.M.; Karakaya, F.; Chen, Z.; et al. Sterilization and plasma processing of room temperature
surfaces with a one atmosphere uniform glow discharge plasma (OAUGDP). Surf. Coat. Technol. 2000,
131, 528–542. [CrossRef]

http://dx.doi.org/10.4315/0362-028X-72.2.408
http://www.ncbi.nlm.nih.gov/pubmed/19350988
http://dx.doi.org/10.4315/0362-028X-66.11.2062
http://www.ncbi.nlm.nih.gov/pubmed/14627284
http://dx.doi.org/10.1016/S0168-1605(02)00540-8
http://dx.doi.org/10.1016/j.tsf.2011.01.282
http://dx.doi.org/10.1111/j.1745-4581.2007.00096.x
http://dx.doi.org/10.1002/ppap.200600011
http://dx.doi.org/10.1016/S0257-8972(00)00803-3


Foods 2019, 8, 55 20 of 24

10. Ehlbeck, J.; Schnabel, U.; Polak, M.; Winter, J.; von Woedtke, T.; Brandenburg, R.; von dem Hagen, T.;
Weltmann, K.-D. Low temperature atmospheric pressure plasma sources for microbial decontamination.
J. Phys. D Appl. Phys. 2011, 44, 13002.

11. Moisan, M.; Barbeau, J.; Moreau, S.; Pelletier, J.; Tabrizian, M.; Yahia, L.H. Low-temperature sterilization
using gas plasmas: A review of the experiments and an analysis of the inactivation mechanisms. Int. J. Pharm.
2001, 226, 1–21. [CrossRef]

12. Rossi, F.; Kylián, O.; Rauscher, H.; Hasiwa, M.; Gilliland, D. Low pressure plasma discharges for the
sterilization and decontamination of surfaces. New J. Phys. 2009, 11, 115017. [CrossRef]

13. Schnabel, U.; Schmidt, C.; Stachowiak, J.; Bösel, A.; Andrasch, M.; Ehlbeck, J. Plasma processed air for
biological decontamination of PET and fresh plant tissue. Plasma Process. Polym. 2018, 15, e1600057.
[CrossRef]

14. Schnabel, U.; Andrasch, M.; Weltmann, K.-D.; Ehlbeck, J. Inactivation of Microoranisms in Tyvek Packaging
by Microwave Plasma Processed Air. Glob. J. Biol. Agric. Health Sci. 2015, 4, 185–192.

15. Schnabel, U.; Niquet, R.; Schlüter, O.; Gniffke, H.; Ehlbeck, J. Decontamination and Sensory Properties of
Microbiologically Contaminated Fresh Fruits and Vegetables by Microwave Plasma Processed Air (PPA).
J. Food Process. Preserv. 2015, 39, 653–662. [CrossRef]

16. Schnabel, U.; Andrasch, M.; Weltmann, K.-D.; Ehlbeck, J. Inactivation of Vegetative Microorganisms and
Bacillus atrophaeus Endospores by Reactive Nitrogen Species (RNS). Plasma Process. Polym. 2014, 11, 110–116.
[CrossRef]

17. Fröhling, A.; Durek, J.; Schnabel, U.; Ehlbeck, J.; Bolling, J.; Schlüter, O. Indirect plasma treatment of fresh
pork: Decontamination efficiency and effects on quality attributes. Innov. Food Sci. Emerg. Technol. 2012,
16, 381–390. [CrossRef]

18. Schnabel, U.; Niquet, R.; Krohmann, U.; Winter, J.; Schlüter, O.; Weltmann, K.-D.; Ehlbeck, J. Decontamination
of microbiologically Contaminated Specimen by Direct and Indirect Plasma Treatment. Plasma Process. Polym.
2012, 9, 569–575. [CrossRef]

19. Buchanan, R.L.; Gorris, L.G.M.; Hayman, M.M.; Jackson, T.C.; Whiting, R.C. Review of Listeria
monocytogenes: An update on outbreaks, virulence, dose-response, ecology, and risk assessments.
Food Control 2017, 75, 1–13. [CrossRef]

20. Ramaswamy, V.; Cresence, V.M.; Rejitha, J.S.; Lekshmi, M.U.; Dharsana, K.S.; Prasad, S.P.; Vijila, H.M.
Listeria—Review of epidemiology and pathogenesis. J. Microbiol. Immunol. Infect. 2007, 40, 4–13.

21. Tenaillon, O.; Skurnik, D.; Picard, B.; Denamur, E. The population genetics of commensal Escherichia coli.
Nat. Rev. Microbiol. 2010, 8, 207–217. [CrossRef]

22. Singleton, P. Bacteria in Biology, Biotechnology and Medicine, 5th ed.; Wiley-VCH: Hoboken, NJ, USA, 1999;
pp. 444–454.

23. Bentley, R.; Meganathan, R. Biosynthesis of vitamin K (menaquinone) in bacteria. Microbiol. Rev. 1982,
46, 241–280.

24. Russell, J.B.; Jarvis, G.N. Practical mechanisms for interrupting the oral-fecal lifecycle of Escherichia coli.
J. Mol. Microbiol. Biotechnol. 2001, 3, 265–272. [PubMed]

25. CDC. National Center for Emerging and Zoonotic Infectious Diseases. E. coli (Escherichia coli). 2012. Available
online: https://www.cdc.gov/ecoli/index.html/ (accessed on 27 February 2018).

26. Vogt, R.L.; Dippold, L. Escherichia coli O157:H7 outbreak associated with consumption of ground beef,
June–July 2002. Public Health Rep. 2005, 120, 174–178. [CrossRef] [PubMed]

27. ISO 14937:2009(en), Sterilization of Health Care Products—General Requirements for Characterization of
a Sterilizing Agent and the Development, Validation and Routine Control of a Sterilization Process for
Medical Devices. Available online: https://www.iso.org/obp/ui/#iso:std:iso:14937:ed-2:v1:en (accessed on
5 January 2019).

28. Kerkulek, K. Quality control in sterilization procedures. Biological indicators. In Quality Control in
Microbiology; Prier, J.E., Ed.; Univ. Park Press: Baltimore, MD, USA, 1975; p. 25.

29. Baeva, M.; Andrasch, M.; Ehlbeck, J.; Loffhagen, D.; Weltmann, K.-D. Temporally and spatially resolved
characterization of microwave induced argon plasmas: Experiment and modeling. J. Appl. Phys. 2014,
115, 143301. [CrossRef]

http://dx.doi.org/10.1016/S0378-5173(01)00752-9
http://dx.doi.org/10.1088/1367-2630/11/11/115017
http://dx.doi.org/10.1002/ppap.201600057
http://dx.doi.org/10.1111/jfpp.12273
http://dx.doi.org/10.1002/ppap.201300072
http://dx.doi.org/10.1016/j.ifset.2012.09.001
http://dx.doi.org/10.1002/ppap.201100088
http://dx.doi.org/10.1016/j.foodcont.2016.12.016
http://dx.doi.org/10.1038/nrmicro2298
http://www.ncbi.nlm.nih.gov/pubmed/11321582
https://www.cdc.gov/ecoli/index.html/
http://dx.doi.org/10.1177/003335490512000211
http://www.ncbi.nlm.nih.gov/pubmed/15842119
https://www.iso.org/obp/ui/#iso:std:iso:14937:ed-2:v1:en
http://dx.doi.org/10.1063/1.4870858


Foods 2019, 8, 55 21 of 24

30. Krohmann, U.; Neumann, T.; Ehlbeck, J. Spreading Diffused Microwave Plasma Producing Method, Involves
Providing Plasma Ignited by Resonant Ignition Structure with Energy over Surrounding Microwave Field
Such That Spreading Diffused Plasma is Produced. Patent No. DE 102,005,043,278, 9 September 2005.

31. Ehlbeck, J.; Bandenburg, R.; von Woedtke, T.; Krohmann, U.; Stieber, M.; Weltmann, K.-D. PLASMOSE—
Antimicrobial effects of modular atmospheric plasma sources. GMS Krankenhaushygiene Interdisziplinär 2008,
3, Doc14. [PubMed]

32. Pipa, A.V.; Andrasch, M.; Rackow, K.; Ehlbeck, J.; Weltmann, K.-D. Observation of microwave volume
plasma ignition in ambient air. Plasma Sources Sci. Technol. 2012, 21, 035009. [CrossRef]

33. Baeva, M.; Rackow, K.; Becker, M.M.; Ehlbeck, J.; Loffhagen, D. Characterization of atmospheric pressure
microwave plasma in N2/O2/H2O gas mixtures. In Proceedings of the Oral Presentation at the 30th ICPIG
2011, Belfast, Northern Ireland, UK, 28 August–2 September 2011.

34. Kirmse, B.; Delon, A.; Jost, R. NO: Absorption cross section and its temperature dependence. J. Geophys. Res.
1997, 102, 16089–16098. [CrossRef]

35. Schnabel, U.; Niquet, R.; Schmidt, C.; Stachowiak, J.; Schlüter, O.; Andrasch, M.; Ehlbeck, J. Antimicrobial
efficiency of non-thermal atmospheric pressure plasma processed water (PPW) against agricultural relevant
bacteria suspensions. Int. J. Environ. Agric. Res. (IJOEAR) 2016, 2, 212–224.

36. DIN EN 26777:1993-04 Water quality; determination of nitrite; molecular absorption spectrometric method
(ISO 6777:1984); ISO: Geneva, Switzerland, 1984.

37. Martinez-Tellez, M.A.; Rodriguez-Leyva, F.J.; Espinoza-Medina, I.E.; Vargas-Arispuro, I.; Gardea, A.A.;
Gonzalez-Aguilar, G.A.; Ayala-Zavala, J.F. Sanitation of fresh green asparagus and green onions inoculated
with Samonella. Czech J. Food Sci. 2009, 27, 454–462. [CrossRef]

38. Misra, N.N.; Tiwari, B.K.; Raghavarao, K.S.M.S.; Cullen, P.J. Nonthermal plasma inactivation of food-borne
pathogens. Food Eng. Rev. 2011, 3, 159–170. [CrossRef]

39. Yu, H.; Perni, S.; Shi, J.; Wang, D.; Kong, M.; Shama, G. Effects of cell surface loading and phase of growth
in cold atmospheric gas plasma inactivation of Escherichia coli K12. J. Appl. Microbiol. 2006, 101, 1323–1330.
[CrossRef]

40. Ragni, L.; Berardinelli, A.; Vannini, L.; Montanari, C.; Sirri, F.; Guerzoni, M.E.; Guarnieri, A. Non-thermal
atmospheric gas plasma device for surface decontamination of shell eggs. J. Food Eng. 2010, 100, 125–132.
[CrossRef]

41. Schnabel, U.; Niquet, R.; Andrasch, M.; Jakobs, M.; Schlüter, O.; Katroschan, K.-U.; Weltmann, K.-D.;
Ehlbeck, J. Broccoli: Antimicrobial Efficacy and Influences to Sensory and Storage Properties by Microwave
Plasma-Processed Air Treatment. Plasma Med. 2016, 6, 375–388. [CrossRef]

42. Schnabel, U.; Sydow, D.; Schlüter, O.; Andrasch, M.; Ehlbeck, J. Decontamination of Fresh-Cut Iceberg
Lettuce and Fresh Mung Bean Sprouts by Non-Thermal Atmospheric Pressure Plasma Processed Water
(PPW). Mod. Agric. Sci. Technol. 2015, 1, 23–39.

43. Oehmigen, K.; Hähnel, M.; Brandenburg, R.; Wilke, C.; Weltmann, K.-D.; von Woedtke, T. The role of
acidification for antimicrobial activity of atmospheric pressure plasma in liquids. Plasma Process. Polym.
2010, 7, 250–257. [CrossRef]

44. Niquet, R.; Böhm, D.; Schnabel, U.; Cullen, P.J.; Bourke, P.; Ehlbeck, J. Characterising the impact of
post-treatment storage on chemistry and antimicrobial properties of plasma treated water derived from
microwave and DBD sources. Plasma Process. Polym. 2018, 15, 1700127. [CrossRef]

45. Mann, M.S.; Schnabel, U.; Weihe, T.; Weltmann, K.-D.; von Woedtke, T. A Reference Technique to Compare
the Antimicrobial Properties of Atmospheric Pressure Plasma Sources. Plasma Med. 2015, 5, 27–47. [CrossRef]

46. Maeda, Y.; Igura, N.; Shimoda, M.; Hayakawa, I. Inactivation of Escherichia coli K12 using atmosphere gas
plasma produced from humified working gas. Acta Biotechnol. 2003, 23, 389–395. [CrossRef]

47. Muranyi, P.; Wunderlich, J.; Heise, M. Influence of relative gas humidity on the inactivation efficiency of a
low temperature gas plasma. J. Appl. Microbiol. 2008, 104, 1659–1666. [CrossRef]

48. Laroussi, M. Low temperature plasma-based sterilization: Overview and state-of-the-art. Plasma Process.
Polym. 2005, 2, 391–400. [CrossRef]

49. Falkenstein, Z. The influence of ultraviolet illumination on OH formation in dielectric barrier discharges of
Ar/O2/H2O: The Joshi effect. J. Appl. Phys. 1997, 81, 7158–7162. [CrossRef]

50. Purevdoji, D.; Igura, N.; Ariyada, O.; Hayakawa, I. Effect of feed gas composition of gas discharge plasmas
on Bacillus pumilus spore mortality. Lett. Appl. Microbiol. 2003, 37, 31–34. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/20204116
http://dx.doi.org/10.1088/0963-0252/21/3/035009
http://dx.doi.org/10.1029/97JD00075
http://dx.doi.org/10.17221/138/2008-CJFS
http://dx.doi.org/10.1007/s12393-011-9041-9
http://dx.doi.org/10.1111/j.1365-2672.2006.03033.x
http://dx.doi.org/10.1016/j.jfoodeng.2010.03.036
http://dx.doi.org/10.1615/PlasmaMed.2017019033
http://dx.doi.org/10.1002/ppap.200900077
http://dx.doi.org/10.1002/ppap.201700127
http://dx.doi.org/10.1615/PlasmaMed.v5.i1.30
http://dx.doi.org/10.1002/abio.200390050
http://dx.doi.org/10.1111/j.1365-2672.2007.03691.x
http://dx.doi.org/10.1002/ppap.200400078
http://dx.doi.org/10.1063/1.365313
http://dx.doi.org/10.1046/j.1472-765X.2003.01341.x


Foods 2019, 8, 55 22 of 24

51. Von Woedtke, T.; Oehmigen, K.; Brandenburg, R.; Hoder, T.; Wilke, C.; Hähnel, M.; Weltmann, K.-D.
Plasma-liquid-interactions: Chemistry and antimicrobial effects. In NATO Chemistry and Biology Series:
Plasma for Bio-Decontamination, Medicine and Food Security; Hensel, K., Machala, Z., Eds.; Springer: Dordrecht,
The Netherlands, 2012.

52. Aertsen, A.; Michiels, C.W. Stress and how bacteria cope with death and survival. Crit. Rev. Microbiol. 2004,
30, 263–273. [CrossRef] [PubMed]

53. Oliver, J.D. Formation of Viable but Nonculturable Cells. In Starvation in Bacteria; Kjelleberg, S., Ed.; Plenum
Press: New York, NY, USA, 1993; pp. 239–272.

54. Ramamurthy, T.; Ghosh, A.; Pazhani, G.P.; Shinoda, S. Current Perspectives on Viable but Non-Culturable
(VBNC) Pathogenic Bacteria. Front. Public Health 2014, 2, 103. [CrossRef] [PubMed]

55. Rice, S.A.; McDougald, D.; Kjelleberg, S. Vibrio vulnificus: A physiological and genetic approach to the viable
but nonculturable response. J. Infect. Chemother. 2000, 6, 115–120. [CrossRef] [PubMed]

56. Rahman, I.; Shahamat, M.; Kirchman, P.A.; Russek-Cohen, E.; Colwell, R.R. Methionine uptake and
cytopathogenicity of viable but nonculturable Shigella dysenteriae type 1. Appl. Environ. Microbiol. 1994,
60, 3573–3578. [PubMed]

57. Magnet, S.; Dubost, L.; Marie, A.; Arthur, M.; Gutmann, L. Identification of the L,D-transpeptidases for
peptidoglycan cross-linking in Escherichia coli. J. Bacteriol. 2008, 190, 4782–4785. [CrossRef] [PubMed]

58. Muela, A.; Seco, C.; Camafeita, E.; Arana, I.; Orruno, M.; Lopez, J.A.; Barcina, I. Changes in Escherichia coli
outer membrane subproteome under environmental conditions inducing the viable but nonculturable state.
FEMS Microbiol. Ecol. 2008, 64, 28–36. [CrossRef]

59. Day, A.P.; Oliver, J.D. Changes in membrane fatty acid composition during entry of Vibrio vulnificus into the
viable but nonculturable state. J. Microbiol. 2004, 42, 69–73.

60. Signoretto, C.; Lleó, M.M.; Canepari, P. Modification of the peptidoglycan of Escherichia coli in the viable but
nonculturable state. Curr. Microbiol. 2002, 44, 125–131. [CrossRef]

61. Alleron, L.; Khemiri, A.; Koubar, M.; Lacombe, C.; Coquet, L.; Cosette, P.; Jouenne, T.; Frere, J. VBNC
Legionella pneumophila cells are still able to produce virulence proteins. Water Res. 2013, 47, 6606–6617.
[CrossRef]

62. Aurass, P.; Prager, R.; Flieger, A. EHEC/EAEC O104: H4 strain linked with the 2011 German outbreak of
haemolytic uremic syndrome enters into the viable but non-culturable state in response to various stresses
and resuscitates upon stress relief. Environ. Microbiol. 2011, 13, 3139–3148. [CrossRef] [PubMed]

63. Cappelier, J.M.; Besnard, V.; Roche, S.M.; Velge, P.; Federighi, M. Avirulent viable but non culturable cells of
Listeria monocytogenes need the presence of an embryo to be recovered in egg yolk and regain virulence
after recovery. Vet. Res. 2007, 38, 573–583. [CrossRef] [PubMed]

64. Maalej, S.; Gdoura, R.; Dukan, S.; Hammami, A.; Bouain, A. Maintenance of pathogenicity during entry into
and resuscitation from viable but nonculturable state in Aeromonas hydrophila exposed to natural seawater at
low temperature. J. Appl. Microbiol. 2004, 97, 557–565. [CrossRef] [PubMed]

65. Mary, P.; Chihib, N.E.; Charafeddine, O.; Defives, C.; Hornez, J.P. Starvation survival and viable but
nonculturable states in Aeromonas hydrophila. Microb. Ecol. 2002, 43, 250–258. [CrossRef] [PubMed]

66. Grey, B.; Steck, T.R. Concentrations of copper thought to be toxic to Escherichia coli can induce the viable but
nonculturable condition. Appl. Environ. Microbiol. 2001, 67, 5325–5327. [CrossRef] [PubMed]

67. Besnard, V.; Federighi, M.; Cappelier, J.M. Evidence of Viable But Non-Culturable state in Listeria
monocytogenes by direct viable count and CTC-DAPI double staining. Food Microbiol. 2000, 17, 697–704.
[CrossRef]

68. Gauthier, M.J. Environmental Parameters Associated with the Viable but Nonculturable State.
In Nonculturable Microorganisms in the Environment; Colwell, R.R., Grimes, D.J., Eds.; Springer: Boston,
MA, USA, 2000; pp. 87–112.

69. Roth, W.G.; Leckie, M.P.; Dietzler, D.N. Restoration of colony-forming activity in osmotically stressed
Escherichia coli by betaine. Appl. Environ. Microbiol. 1988, 54, 3142–3146.

70. Rollins, D.M.; Colwell, R.R. Viable but nonculturable stage of Campylobacter jejuni and its role in survival in
the natural aquatic environment. Appl. Environ. Microbiol. 1986, 52, 531–538.

71. Xu, H.S.; Roberts, N.; Singleton, F.L.; Attwell, R.W.; Grimes, D.J.; Colwell, R.R. Survival and viability of
nonculturable Escherichia coli and Vibrio cholerae in the estuarine and marine environment. Microb. Ecol. 1982,
8, 313–323. [CrossRef]

http://dx.doi.org/10.1080/10408410490884757
http://www.ncbi.nlm.nih.gov/pubmed/15646400
http://dx.doi.org/10.3389/fpubh.2014.00103
http://www.ncbi.nlm.nih.gov/pubmed/25133139
http://dx.doi.org/10.1007/PL00012150
http://www.ncbi.nlm.nih.gov/pubmed/11810549
http://www.ncbi.nlm.nih.gov/pubmed/7986035
http://dx.doi.org/10.1128/JB.00025-08
http://www.ncbi.nlm.nih.gov/pubmed/18456808
http://dx.doi.org/10.1111/j.1574-6941.2008.00453.x
http://dx.doi.org/10.1007/s00284-001-0062-0
http://dx.doi.org/10.1016/j.watres.2013.08.032
http://dx.doi.org/10.1111/j.1462-2920.2011.02604.x
http://www.ncbi.nlm.nih.gov/pubmed/21951606
http://dx.doi.org/10.1051/vetres:2007017
http://www.ncbi.nlm.nih.gov/pubmed/17540159
http://dx.doi.org/10.1111/j.1365-2672.2004.02336.x
http://www.ncbi.nlm.nih.gov/pubmed/15281936
http://dx.doi.org/10.1007/s00248-001-0046-4
http://www.ncbi.nlm.nih.gov/pubmed/12023732
http://dx.doi.org/10.1128/AEM.67.11.5325-5327.2001
http://www.ncbi.nlm.nih.gov/pubmed/11679363
http://dx.doi.org/10.1006/fmic.2000.0366
http://dx.doi.org/10.1007/BF02010671


Foods 2019, 8, 55 23 of 24

72. Lleó, M.M.; Benedetti, D.; Tafi, M.C.; Signoretto, C.; Canepari, P. Inhibition of the resuscitation from the
viable but non-culturable state in Enterococcus faecalis. Environ. Microbiol. 2007, 9, 2313–2320. [CrossRef]

73. Arana, I.; Orruno, M.; Perez-Pascual, D.; Seco, C.; Muela, A.; Barcina, I. Inability of Escherichia coli to
resuscitate from the viable but nonculturable state. FEMS Microbiol. Ecol. 2007, 62, 1–11. [CrossRef]
[PubMed]

74. Wai, S.N.; Mizunoe, Y.; Takade, A.; Yoshida, S. A comparison of solid and liquid media for resuscitation of
starvation- and low-temperature-induced nonculturable cells of Aeromonas hydrophila. Arch. Microbiol. 2000,
173, 307–310. [CrossRef] [PubMed]

75. Kurokawa, M.; Nukina, M.; Nakanishi, H.; Tomita, S.; Tamura, T.; Shimoyama, T. Resuscitation from the
viable but nonculturable state of Helicobacter pylori. Kansenshogaku zasshi J. Jpn. Assoc. Infect. Dis. 1999,
73, 15–19. [CrossRef]

76. Ducret, A.; Chabalier, M.; Dukan, S. Characterization and resuscitation of ‘non-culturable’ cells of Legionella
pneumophila. BioMed Cent. Microbiol. 2014, 14, 3. [CrossRef] [PubMed]

77. Morishige, Y.; Fujimori, K.; Amano, F. Differential resuscitative effect of pyruvate and its analogues on VBNC
(viable but non-culturable) Salmonella. Microbes Environ. 2013, 28, 180–186. [CrossRef] [PubMed]

78. Mukamolova, G.V.; Kaprelyants, A.S.; Young, D.I.; Young, M.; Kell, D.B. A bacterial cytokine. Proc. Natl.
Acad. Sci. USA 1998, 95, 8916–8921. [CrossRef] [PubMed]

79. Calabrese, J.P.; Bissonnette, G.K. Improved membrane filtration method incorporating catalase and sodium
pyruvate for detection of chlorine-stressed coliform bacteria. Appl. Environ. Microbiol. 1990, 56, 3558–3564.
[PubMed]

80. Pasquaroli, S.; Zandri, G.; Vignaroli, C.; Vuotto, C.; Donelli, G.; Biavasco, F. Antibiotic pressure can induce
the viable but non-culturable state in Staphylococcus aureus growing in biofilms. J. Antimicrob. Chemother.
2013, 68, 1812–1817. [CrossRef]

81. Hu, Y.; Coates, A. Nonmultiplying bacteria are profoundly tolerant to antibiotics. Handb. Exp. Pharmacol.
2012, 211, 99–119.

82. Ehrlich, G.D.; Veeh, R.; Wang, X.; Costerton, J.W.; Hayes, J.D.; Hu, F.Z.; Daigle, B.J.; Ehrlich, M.D.; Post, J.C.
Mucosal biofilm formation on middle-ear mucosa in the chinchilla model of otitis media. J. Am. Med. Assoc.
2002, 287, 1710–1715. [CrossRef]

83. Oliver, J.D. Recent findings on the viable but nonculturable state in pathogenic bacteria. FEMS Microbiol. Rev.
2010, 34, 415–425. [CrossRef] [PubMed]

84. Oliver, J.D. The viable but nonculturable state in bacteria. J. Microbiol. 2005, 43, 93–100. [PubMed]
85. Schnabel, U.; Andrasch, M.; Stachowiak, J.; Weit, C.; Weihe, T.; Schmidt, C.; Muranyi, P.; Schlüter, O.;

Ehlbeck, J. Sanitation of fresh-cut endive lettuce by plasma processed tap water (PPtW)—Up-scaling to
industrial level. Innov. Food Sci. Emerg. Technol. 2017, in press. [CrossRef]

86. Lindermayr, C.; Saalbach, G.; Durner, J. Proteomic identification of S-nitrosylated proteins in Arabidopsis.
Plant Physiol. 2005, 137, 921–930. [CrossRef] [PubMed]

87. Lindermayr, C.; Sell, S.; Müller, B.; Leister, D.; Durner, J. Redox regulation of the NPR1-TGA1 system of
Arabidopsis thaliana by nitric oxide. Plant Cell 2010, 22, 2894–2907. [CrossRef] [PubMed]

88. Delledonne, M.; Xia, Y.; Dixon, R.A.; Lamb, C. Nitric oxide functions as a signal in plant disease resistance.
Nature 1998, 394, 585–588. [CrossRef] [PubMed]

89. Durner, J.; Wendehenne, D.; Klessig, D.F. Defense gene induction in tobacco by nitric oxide, cyclic GMP, and
cyclic ADP-ribose. Proc. Natl. Acad. Sci. USA 1998, 95, 10328–10333. [CrossRef] [PubMed]

90. Neill, S.J.; Desikan, R.; Clarke, A.; Hurst, R.D.; Hancock, J.T. Hydrogen peroxide and nitric oxide as signalling
molecules in plants. J. Exp. Bot. 2002, 53, 1237–1247. [CrossRef] [PubMed]

91. Lee, U.; Wie, C.; Fernandez, B.O.; Feelisch, M.; Vierling, E. Modulation of nitrosative stress by
S-nitrosoglutathione reductase is critical for thermotolerance and plant growth in Arabidopsis. Plant Cell
2008, 20, 786–802. [CrossRef]

92. Seligman, K.; Saviani, E.E.; Oliveira, H.C.; Pinto-Maglio, C.A.; Salgado, I. Floral transition and nitric oxide
emission during flower development in Arabidopsis thaliana is affected in nitrate-reductase-deficient plants.
Plant Cell Physiol. 2008, 49, 1112–1121. [CrossRef]

93. Zhang, L.; Wang, Y.; Zhao, L.; Shi, S.; Zhang, L. Involvement of nitric oxide in light-mediated greening of
barley seedlings. J. Plant Physiol. 2006, 163, 818–826. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1462-2920.2007.01345.x
http://dx.doi.org/10.1111/j.1574-6941.2007.00362.x
http://www.ncbi.nlm.nih.gov/pubmed/17908096
http://dx.doi.org/10.1007/s002030000142
http://www.ncbi.nlm.nih.gov/pubmed/10816051
http://dx.doi.org/10.11150/kansenshogakuzasshi1970.73.15
http://dx.doi.org/10.1186/1471-2180-14-3
http://www.ncbi.nlm.nih.gov/pubmed/24383402
http://dx.doi.org/10.1264/jsme2.ME12174
http://www.ncbi.nlm.nih.gov/pubmed/23595023
http://dx.doi.org/10.1073/pnas.95.15.8916
http://www.ncbi.nlm.nih.gov/pubmed/9671779
http://www.ncbi.nlm.nih.gov/pubmed/2268162
http://dx.doi.org/10.1093/jac/dkt086
http://dx.doi.org/10.1001/jama.287.13.1710
http://dx.doi.org/10.1111/j.1574-6976.2009.00200.x
http://www.ncbi.nlm.nih.gov/pubmed/20059548
http://www.ncbi.nlm.nih.gov/pubmed/15765062
http://dx.doi.org/10.1016/j.ifset.2017.11.014
http://dx.doi.org/10.1104/pp.104.058719
http://www.ncbi.nlm.nih.gov/pubmed/15734904
http://dx.doi.org/10.1105/tpc.109.066464
http://www.ncbi.nlm.nih.gov/pubmed/20716698
http://dx.doi.org/10.1038/29087
http://www.ncbi.nlm.nih.gov/pubmed/9707120
http://dx.doi.org/10.1073/pnas.95.17.10328
http://www.ncbi.nlm.nih.gov/pubmed/9707647
http://dx.doi.org/10.1093/jexbot/53.372.1237
http://www.ncbi.nlm.nih.gov/pubmed/11997372
http://dx.doi.org/10.1105/tpc.107.052647
http://dx.doi.org/10.1093/pcp/pcn089
http://dx.doi.org/10.1016/j.jplph.2005.07.011
http://www.ncbi.nlm.nih.gov/pubmed/16777529


Foods 2019, 8, 55 24 of 24

94. Bethke, P.C.; Gubler, F.; Jacobsen, J.V.; Jones, R.L. Dormancy of Arabidopsis seeds and barley grains can be
broken by nitric oxide. Planta 2004, 219, 847–855. [CrossRef] [PubMed]

95. Pagnussat, G.C.; Lanteri, M.L.; Lamattina, L. Nitric oxide and cyclic GMP are messengers in the indole acetic
acid-induced adventitious rooting process. Plant Physiol. 2003, 132, 1241–1248. [CrossRef] [PubMed]

96. Neill, S.J.; Desikan, R.; Clarke, A.; Hancock, J.T. Nitric oxide is a novel component of abscisic acid signalling
in stomatal guard cells. Plant Physiol. 2002, 128, 13–16. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

View publication statsView publication stats

http://dx.doi.org/10.1007/s00425-004-1282-x
http://www.ncbi.nlm.nih.gov/pubmed/15133666
http://dx.doi.org/10.1104/pp.103.022228
http://www.ncbi.nlm.nih.gov/pubmed/12857806
http://dx.doi.org/10.1104/pp.010707
http://www.ncbi.nlm.nih.gov/pubmed/11788747
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.
https://www.researchgate.net/publication/330846421


103 

 

 Plasma-Functionalized Water: From Bench to Prototype for 
Fresh-Cut Lettuce 

Contribution of the author Oliver Handorf to this publication: 

Experimental part: Hydrogen peroxide analysis in PTW by Chronoamperometry, 

Nitrite/Nitrate analysis in PTW by ion chromatography in collaboration with Prof. Dr. Harald 

Below, calculation of reduction factor and standard deviation of reduction factor 

Theoretical part: Preparation of the mathematical equations and guidelines as well 

as equations of the paper to calculate the reduction factors and standard deviations of the 

colony-forming units experiments. Proofreading of the manuscript and grammatical and 

orthographic editing. 

This manuscript was published in the Open-Access Journal "Food Engineering Reviews", 

which is distributed by the publisher "Springer". The paper was published on 25.06.2020, DOI: 

10.1007/s12393-020-09238-9 in the journal Food Engineering Reviews, with an impact factor 

of 3.294. 

Signature of first assessor     Signature of second assessor 

_____________________     ________________________ 

Signature of the doctoral candidate 

_____________________________ 

 



Plasma-Functionalized Water: from Bench to Prototype
for Fresh-Cut Lettuce

Uta Schnabel1,2 & Oliver Handorf1 & Joerg Stachowiak1 & Daniela Boehm2
& Christoph Weit1 & Thomas Weihe1

&

Jan Schäfer1 & Harald Below3
& Paula Bourke4,5 & Joerg Ehlbeck1

Received: 10 December 2019 /Accepted: 25 June 2020
# The Author(s) 2020

Abstract
Fresh-cut produce like lettuce may contain a very high microbial load, including human pathogens. Therefore, the need for
antimicrobial agents at post-harvest stages to mitigate microbial cross-contamination and growth is evident. Sanitation based on
non-thermal plasma (NTP) reveals innovative food processing possibilities by application at different points along the food chain,
for production, modification, and preservation, as well as in packaging of plant- and animal-based food. The aim of the present
study was to evaluate the applicability of plasma-treated water (PTW) as antimicrobial process water additives for washing in
fresh-cut lettuce processing. Antibacterial activities of PTW the natural occurring microflora of lettuce were examined. Different
process variants of PTW application inside the washing process were investigated. Fresh-cut lettuce were investigated regarding
microbiological safety and food quality. Samples were analyzed for antimicrobial and metabolic activity as well as metabolic
vitality to prove food safety. The investigations for food quality included color and texture analyses and nitrate concentration
detection in fresh tissue as well as microscopic measurements by scanning electron microscopy (SEM) and atomic force
microscopy (AFM) for tissue surface structure and transmission electron microscopy (TEM) for cell organelle investigations.
The application of PTW allowed up to 5 log10 cycle reduction, depending on the process variant and scale (lab and pilot scale).
The increase of antimicrobial activity was accompanied by a reduction of metabolic activity, but not consequently by a decrease
in metabolic vitality. Food quality was not affected by the use of PTW in the washing process of the fresh-cut lettuce. The
promising results in color and texture were supported by the results of the microscopic assays. These promising results may lead
to an industrial application of PTW as process water additive in fresh-cut produce processing to reduce the microbial load on the
food surface and in addition in the process water or on food processing surfaces.

Keywords Non-thermal processing . Atmospheric pressure plasma . Microwave-driven discharge . Perishables . Post-harvest
techniques

Introduction

Fresh and fresh-cut produce have a limited shelf life of several
days, which only allows a short distribution. The limited shelf life
and the associated losses of fresh produce have various reasons,
but particularly depend on microbial contamination at all stages
in the value chain. The microbial contamination may also cause
foodborne illnesses. Especially, produce like fresh-cut and fresh
vegetables and fruits (e.g., leafy greens, potatoes, tomatoes,
sprouts, berries) are frequently affected. The US Food and
Drug Administration (FDA) listed them under the ten riskiest
foods in their [1], with leafy greens at the top (CSPI 2009).
The European Food Safety Authority (EFSA) described in their
most recent zoonosis report 5079 foodborne outbreaks (including
waterborne incident) for 2017withmore than 300,000 confirmed
human cases [2]. In 2017, the second highest occurrence of
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L.monocytogeneswas in RTE lettucewith 4.2%. STECwas also
found for vegetables and fruits including RTE lettuce. The im-
pact of foodborne diseases on the health of consumers and the
reputation of the food manufacturers can be remarkable and re-
sults often in direct and indirect consequences, costs, and losses.
The sporadic presence of pathogens on fresh produce, however,
requires effective sanitation techniques to reduce microbial loads
without any negative effects on product quality. Because of the
significant economic importance, a great demand regarding gen-
tle sanitation in the production and processing of fresh produce
exists generally. Conventional methods of cleaning and decon-
tamination of fresh food are based on heating, pasteurization,
cooling and freezing, or rinsing with water.

The development of environmentally friendly alternative
cleaning and disinfection methods is important, but also the
product compatibility, costs, environmental impact, impact on
product quality, and regulatory provisions have to be taken
into account [3]. Alternative non-thermal sanitation methods
with chemical sanitizers like ozone, chlorine, electrolyzed wa-
ter, and peracetic acid or physical treatments such as high
hydrostatic pressure, pulsed electric field, oscillating magnetic
field, ultra-violet (UV) or gamma irradiation, and high-power
ultrasound have been developed and studied in recent years
[4–6]. These processes retain quality of foods better than con-
ventional methods; however, they have their own drawbacks.
They are costly, require specialized equipment as well as
trained staff, are either not fully harmless for consumers, or
could not achieve the desired success or even negatively af-
fected the product quality [4].

A promising physical approach is the application of non-
thermal plasma (NTP) generated at atmospheric pressure [7,
8]. Plasmas are ionized gases containing neutral- and free-
charged particles such as ions and electrons [9]. The applica-
tion of non-thermal atmospheric pressure plasma is an emerg-
ing technology for reducing microbial load on the surface of
fresh and processed foods and therefore receiving increasing
attention in the field of food processing industry [10–12]. Dry
decontamination of food surfaces, granular and particulate
foods, and sprouted seeds has been demonstrated with this
method. Furthermore, the surface of packaging material could
be sterilized [9, 13, 14]. NTP is still under investigation in the
food industry for the decontamination of raw agricultural
products such as apples, lettuce, almonds, mangoes, melons,
egg surfaces, cooked meat, and cheese [10, 15]. NTP is also
suitable for processes, where high temperatures are not rec-
ommended [14, 16]. In food processing, the application of
NTP in direct and remote mode is of interest as these can be
used to treat the food at low temperatures (< 70 °C). In addi-
tion, processes carried out at atmospheric pressure are prefer-
able in the food sector because they allow continuous process
control and do not accelerate undesirable phase transitions,
compared with applications at reduced pressure (p <
1013 mbar) or low pressure (p < 10 mbar) [8].

In addition to the use of gaseous plasma, the generation of
plasma-functionalized liquids with a range of properties in-
cluding antimicrobial activity is under investigation for many
of the abovementioned fields of application. In particular,
fresh produce and RTE such as fresh-cut lettuce that are nor-
mally washed with water could be ideal for the application of
such liquids as the antimicrobial active agents should be sol-
uble in water. Plasma-treated water (PTW) can be used as
transport medium of reactive species and antimicrobial com-
ponents for food and surface sanitation [17]. This method is
comparable to ozonized or chlorinated water in application
mode and antimicrobial effects [18–20].

Our previous published investigations examined the anti-
microbial effects of plasma-processed air (PPA) and PTW for
different surfaces, microorganisms, and research questions
[21–27]. Based on these findings and knowledge, the results
of lab-scale and up-scaled PTW application for fresh-cut let-
tuce washing to increase the food safety without affecting the
food quality are presented and compared within this publica-
tion. These new and innovative findings may result in better
understanding of the mechanism of the action for the inacti-
vation pathways and improve producer and customer accep-
tance as well as required data for legal frameworks.

Materials and Methods

Plasma Source PLexc2

The atmospheric pressure plasma source PLexc2 was a two-
stage microwave (2.45 GHz)–driven device based on the plas-
ma source PLexc. The PLexc plasma source is a single-stage
plasma torch and it is described in detail elsewhere [28]. With
its stable self-igniting ability, it was used as a technical basis
for the development of the PLexc2 [28]. By supplying addi-
tional microwave energy in the second stage, the effluent was
reignited to an active plasma, processing the second gas feed.
By combining two microwave plasma sources in this syner-
gistic way, both goals of an increased gas throughput and
stable operation condition could be achieved. The technical
parameters for the lab- and up-scaled experiments are given in
Table 1. In Fig. 1, the two stages are schematically illustrated.

Generation of PTW by PPA

The PPA was used to functionalize distilled or tap water. This
leads to PTW. Generally, distilled water was used in all lab-
scale experiments to have defined conditions to ensure the
comparability of the results with internal and external exper-
iments. Tap water was used in the up-scaled experiments, as it
is easier to provide in large amounts of thousands of liters.

For the lab-scale experiments, the distilled water was func-
tionalized by PPA inside a tumbler (Fig. 2a) to have the
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possibility to treat 1 l up to a maximum of 10 l of water at the
same time. The time required to produce 1 l of PTW is 1 min
and 10 min is required for 10 l of PTW. Taking into account
the power required for the entire process and the current costs
of industrial electricity in Germany in 2019 [29], 30 l of PTW
would cost one euro. However, the process is designed for
scientific research. Therefore, an increase in efficiency should
be feasible for industrial use. The increased volumes of PTW
for the up-scaled trials were functionalized in Intermediate
Bulk Containers (IBCs) to have a standardized and realistic
size compared with common treatments of fresh-cut lettuce in
washing lines such as chlorine dioxide treatment (Fig. 2b).

Additionally, the antimicrobial long living chemical com-
pounds are generated by the plasma using air and energy,
transferred by the PPA to the water and result in the function-
alized PTW.

Specimen: Fresh-Cut Lettuce with Native Load

The lettuce (endive and butterhead) was bought at local or-
ganic markets or local organic farmers and stored a maximum
24 h at 4 °C before use. In case of food microbiological in-
vestigations such as viability and metabolic activity assays as

well as of food quality experiments such as color and texture
analyses, the lettuce was cut before washing. In the case of the
microscopy analysis, the lettuce was washed first and then cut
to the mentioned size.

Washing Line for Fresh-Cut Lettuce

A typical washing line for fresh-cut lettuce consisting of four
steps was established—pre-rinsing, pre-washing, main wash-
ing, and post-rinsing. Depending on the washing scenario, a
further step was included called pre-bathing which should
remove the coarsest dirt prior to disinfection stages. This step
can be used for whole lettuce heads or already cut ones. The
investigated washing scenarios are illustrated in Fig. 3 and the
realization at lab and pilot scale is shown in two photographs.

Chemistry of Plasma-Processed Air

To characterize the chemical composition of the PPA and the
PTW in detail, emission spectroscopy (ES) and Fourier-
transform infrared spectroscopy (FTIR) were used to analyze
the chemical compounds of the plasma itself and the PPA
directly before it was exposed to the water.

Fig. 1 Schematic illustration of
PLexc (a) and PLexc2 (b)
microwave–driven discharge as
used for the experiments

Table 1 Technical parameters for
the lab- and up-scaled experi-
ments for the generation of
plasma-processed air (PPA) and
functionalization of plasma-
treated water (PTW)

Lab scale Pilot scale

1st stage (PLexc) 2nd stage (PLexc2) 1st stage (PLexc) 2nd stage (PLexc2)

Power (P) 1.3 kW 3.0 kW 1.3 kW 1.7 kW

Frequency ( f ) 2.45 GHz 2.45 GHz 2.45 GHz 2.45 GHz

Volume flow rate (Γ) 12 slm 60 slm 12 slm 80 slm

Gas Air Air Air Air
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Emission Spectroscopy Analysis for PPA

The measurements of ES are described detailed in Pipa et al.
[30].

Fourier-Transform Infrared Spectroscopy Analysis for PPA

For the determination of chemical species concentrations in
the gas phase, FTIR was used. The FTIR (Vertex 70v, Bruker
Cooperation, Billerica, MA, USA) was equipped with a vari-
able long path cell, 0.25–1 m (Bruker Cooperation), which
was calibrated for a path length of 0.25 m. In order to get
species concentrations, the experimental data were processed

by a MATLAB (The MathWorks Inc., Paderborn, Germany)
code developed at INP based on the spectroscopic data of the
HITRAN database (high-resolution transmission molecular
absorption database, Harvard-Smithsonian Center for
Astrophysics, Cambridge, MA, USA). For the measurements,
the microwave plasma device was connected directly to the
long path cell via a 9-fold gas distributor. The microwave
plasma device was operated with the same volume flow
(73 slm) as in the lab-scaled treatment scenarios, whereby a
ninth of the total gas flow was routed through the measuring
cell during the FTIR measurement. Using the Loschmidt con-
stant nL = 2.686 × 1025 m−3 which is the number density of an
ideal gas at normal pressure and normal temperature (T0 =

Fig. 3 The illustrated washing scenarios from a to c were investigated. a
Tap water washing (scenario 1): 5 washing steps—pre-bathing, pre-
rinsing, pre-washing, main washing, post-rinsing; all steps used tap water
(blue color); b PTW washing (scenario 2): 4 washing steps—pre-rinsing,
pre-washing, main washing, post-rinsing; main washing was done with
PTW (pink color), all other steps used tap water (blue color); c PTW

washing (scenario 3): 5 washing steps—pre-bathing, pre-rinsing, pre-
washing, main washing, post-rinsing; pre-bathing, pre-rinsing, and main
washing were done with PTW (pink color), all other steps used tap water
(blue color). The washing times for pre-bathing, pre-washing, and main
washing were 180 s and the washing times for pre- and post-rinsing were
30 s. d, e Photographs of the lab- and pilot-scale washing

Fig. 2 Photographs of the plasma
device PLexc2 (pilot scale)
connected to the tumbler (a) and
connected to the intermediate
bulk container (IBC) (b)
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273 K, p0 = 101,325 kPa), the relative concentration can be
recalculated to absolute concentrations by:

cspecies ¼ nspecies
nL

Chemistry of Plasma-Treated Water

Hydrogen Peroxide Analysis in PTW by Chronoamperometry

A cyclic voltammogram in the range of − 0.4 to 1.1 V was
performed to verify and check the functionality of the chip
electrode. If the cyclic voltammogram showed the typical pat-
tern of the redox reaction at the chip electrode, the measure-
ment could be started. For the H2O2 measurements, a screen-
printed electrode (Deutsche METROHM GmbH & Co. KG,
Filderstadt, Germany) was used made of Prussian blue/glassy
carbon. It was integrated into a flow system, where the run-
ning buffer (phosphate-buffered saline, pH corrected with 3M
KCl, pH 4.6) was continuously pumped over the chip elec-
trode with a rotational speed of 16 U/min. An Autolab
PGSTAT101 potentiometer (Deutsche METROHM GmbH
& Co. KG) was used to transmit the measured potentials to
the AutolabNova (Deutsche METROHM GmbH & Co. KG)
software for evaluation. First, 5 ml PTWwas mixed with 2 ml
running buffer and afterwards, 500 μl of the sample was
injected into the flow system via a dispenser and measured
with the chip electrode in real time. This method is described
in detail in the submission [31].

Nitrite/Nitrate Analysis in PTW by Ion Chromatography

Immediately after preparation, the PTW was diluted with
100 mM sodium hydroxide (NaOH) at a ratio of 1:10. Using
NaOH instead of phosphate-buffered solution (PBS) is an ad-
aptation compared with published results (Schnabel, [31]), as
PBS with a pH of 7.2 may lead to an additional peak for
phosphate. Nitrite and nitrate were determined by ion chroma-
tography (IC). IC was performed on a Professional IC 850
instrument (Deutsche METROHM GmbH & Co. KG,
Filderstadt, Germany). The sampler was a Sample Center
889 IC set to a constant temperature of 4 °C. The volume of
the injection loop was 10 μl. A Metrosep A Supp 5-150/4.0
with guard column from the same material (carrier material:
polyvinyl alcohol with quaternary ammonium groups) was
used for separation. As eluent 3.2 mmol L−1 of Na2CO3/
1 mmol L−1 NaHCO3 (sodium carbonate/sodium bicarbonate)
was used and the flow rate was 0.8 ml min −1. The column
temperature was 20 °C. The IC was equipped with a conduc-
tivity detector and a scanning UV detector. The UV detector
operated at 220 nm.

Microbiological Analysis

Recovery and Detection of Native Contamination (CFU Assay)

To determine the grade of natural contamination on the fresh-
cut lettuce (butterhead, endive) after a PTW treatment, the
samples were homogenized in homogenizer bags with 45 ml
Ringer’s solution, 10% Tween80, and 10 mg l−1

sodiumthiosulfate (CarlRothGmbH + Co. KG, Karlsruhe,
Germany) for 1 min at a paddle speed of 260 rpm
(Seward™ Stomacher™ Model 400C Circulator Lab
Blender (Seward Limited, Worthing, West Sussex, UK)).
Subsequently, the suspension was used for dilutions and fur-
ther investigations.

By using the surface-spread-plate count method with plate
count agar plates (Roth GmbH, Karlsruhe, Germany), the re-
covery was completed with an overnight cultivation in an
incubator at 30 °C. The surface-spread-plate count method is
a surface counting method employed for aerobic bacteria. A
serial dilution of 100 μl of the broth was plated out on the
whole surface area of the Petri dish. Serial dilutions were
performed as a 1 in 10 dilution withMRD. The detection limit
of this procedure was 1 cfu·ml−1.

Calculation of Reduction Factor and Standard Deviation
of Reduction Factor

The CFU counts for the PTW-treated lettuce samples as well
as their references were counted on agar plates and afterwards
the reduction factor (R) calculated. For fresh-cut lettuce spec-
imens, the reduction factor (R) was calculated as follows:

R ¼ nRefMO

nSamMO
ð1Þ

nRefMO : concentration of microorganismn of the reference

nSamMO : concentration of microorganismn of the treated sample

The standard deviation of the reduction factor (ΔR) was
calculated as follows:

ΔR ¼
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ΔnRefMO : error of reference

ΔnSamMO ið Þ : error of sample i

ΔR : error of reduction factor

Detection of Metabolic Activity (XTT Assay)

A colorimetric assay was used to determine the cell viability
after PTW treatment (XTT Cell Proliferation Assay Kit,
Applichem, St. Louis, USA). XTT was applied to reveal the
cell viability as a function of redox potential, which arises
from transplasma membrane electron transport [32]. The ster-
ile activation solution, which contains phenazine methosulfate
(PMS) as an intermediate electron carrier, and the XTT solu-
tion were mixed 1:50. For each well, these mixtures were
added at a ratio of 1:3 to the sample solution (the same solu-
tion which were used for CFU and fluorescence assay). The
96-well plate was incubated at 37 °C with continuous hori-
zontal shaking (80 rpm) in the dark overnight for less than
24 h. After the incubation time, 96-well plates were scanned
at a wavelength of 470 nm using the Varioskan-Flash® device
(Fisher Scientific GmbH, Schwerte, Germany). The obtained
values were blank-corrected using XTT and activation solu-
tion mix without sample scanned at a wavelength of 670 nm.
The experiments were repeated threefold with n = 3, which
resulted in n = 9. This investigation was done for lab-scaled
trials only.

Detection of Cell Envelope Integrity (Fluorescence Assay)

The LIVE/DEAD BacLight™ Bacterial Viability Kit (Fisher
Scientific GmbH, Schwerte, Germany) was prepared accord-
ing to product instructions. Subsequently, 0.9 μl of the mix-
ture was added to 300 μl of the sample solution followed by
an incubation on a rotary shaker in the dark at room temper-
ature for 20 min. A fluorescence microplate-reader
(Varioskan-Flash®) was used to determine the fluorescence
of each well of a 96-well plate with an excitation wavelength
of 470 nm and emission wavelength of 530 nm or 630 nm for
green (G) and red (R) fluorescence, respectively.
Subsequently, a ratio G/R was calculated by dividing the in-
tensity value of green fluorescence by the value of red fluo-
rescence. The experiments were repeated threefold with n = 3,
which resulted in n = 9. This investigation was done for lab-
scaled trials only.

Food Quality

For the shelf life extension, as well as consumer and industrial
requirements, the food quality of the PTW-treated fresh-cut
lettuce must be maintained as high as possible in correlation to
the food safety. The food quality analyses included color and

texture measurements. Furthermore, the imaging techniques
SEM (scanning electron microscopy), AFM (atomic force mi-
croscopy), and TEM (transmission electron microscopy) were
used to validate the texture analysis and to obtain a better
insight of the lettuce surface and organelles before and after
PTW treatment. The imaging experiments were done for lab-
scaled trials only.

Quality Analyses

Color The color tests of the lettuce leaves were carried out
using the CIELab system, using a portable colorimeter
NH310 from 3nh (PCE Deutschland GmbH, Meschede,
Germany). To determine the Chroma (generally expressed as
a C-value), the sensor of the instrument was placed directly on
lettuce leaf. The C-value was used as it depicted a broad range
of color changes [33]. For the washing scenarios, reference
samples and treated leaves were examined after washing with
PTW. The leaves samples were examined both immediately
after treatment and after 24 h.

Texture In order to determine the impact of plasma treatment
on the produce texture, lettuce samples were examined using a
Texture Analyzer TAXT+ (WINOPAL Forschungsbedarf
GmbH, Elze, Germany). Each 10 g sample was treated ac-
cording to the three washing scenarios. Subsequently, the
samples were immediately examined without centrifugation
or drying. The sample, lying in a beaker, was placed under
the texture gauge. For the measurement, a probe head with
three concentric rings was chosen. It covers a large cross sec-
tion in the beaker and so the impact of the force could be
measured over the whole structure of the lettuce leaves.
Both soft components from the edge of the leaves and the
woody components of the middle were taken into account.
To ensure the same compression of the sample material
throughout the experiments, the probe head was lowered to
only 95% of its maximum extension by the same amount of
sample material, i.e., different forces were measured by a con-
stant extension of the gauge. Each measurement was initial-
ized at a load of 100 g, which removes cavities between the
leaves of the sample. The force required to compress the let-
tuce to the 95% extension was measured.

SEM Samples with an area of 25 mm2 were taken from the
lettuce leaf and fixed by means of conductive silver glue
(Ferro GmbH, Deutschland) onto a metallic specimen holder.
After vacuum drying, 2 days at 1 mPa, the samples were
coated with a gold layer by means of the sputter coater SCD
050 (Bal-Tec, Switzerland) in order to be able to perform a
charge-free electron microscopy of biologic material. The mi-
croscale morphology of the leaves was investigated by SEM
in the secondary electron (SE) imaging modes. Low- and
high-resolution top views were provided with a JSM 7500F
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(Jeol, Japan), which employs a field emission gun. In this
study, a SE in-lens detector (maximum specified resolution
of 1.0 nm) was used. The energy of the primary electron beam
of 1 keV was applied and structural features of samples were
shown at three magnification levels: 100; 1000; and 4000 at a
working distance of 8 mm.

AFM A leaf section was stuck onto a PE holder (32 × 8 ×
2 mm3) that was stuck to a Petri dish (Greiner Bio-One,
Frickenhausen, Germany). Subsequently, the sample was
overlaid by 5 ml of filtered tap water (tip filter, particle reten-
tion of 0.2 μm) and mounted onto the sample holder of the
AFM. A NanoWizzard 3 (JPK BioAFM, Bruker, Berlin,
Germany) with a linearized piezo scanner was used for the
measurements, which embraces a travel length of 100 μm in
xyz direction (CellHesion-module, JPK BioAFM, Bruker,
Berlin, Germany). Beam-shaped, silicon probes (Sicon,
AppNano, Mountain View, CA, USA) without any coating,
a nominal spring constant of 0.29 N/m, and a pyramidal-
shaped tip (nominal aspect ratio: 1.5–3.0) were used as canti-
levers. Since plant cells are enclosed by a relatively resilient
cell wall, all micrographs were recorded in contact mode with
a set point of 15 nN and a line rate of 0.08 Hz by a 90 ×
90 μm2 scan width. Due to the topographically wavy nature
of the samples, relatively high frictional forces appeared dur-
ing the measurements. All pictures were presented in two
recording modes. The height micrographs showed the vertical
(z information) and the horizontal movement (xy plane) of the
piezoelectric scanner and gave the exact topographic height
differences on the sample surfaces. The probe scans over the
surface, ideally at a constant force, which was set by the men-
tioned set point and provides the control variable of the control
loop. The error signal or deflection image showed the bending
of the cantilever, which was plotted against its xy position.
Indeed, the whole scan should be performed with a constant
applied force, i.e., a constant bend on a cantilever (which
would lead to a constant deflection on the photodiode).
However, during the measurements, the gain was deliberately
set to a relative low value in order to make the control loop
response extremely sluggish. Thus, the feedback loop did not
react on small objects appearing in a relatively high frequency
and the cantilever bends here. In this case, the image was
certainly not recorded at a constant force and the error image
could be thought of as a force image where brighter regions
depicted a higher force that was applied to the surface. The
relatively low frequency ups and downs obvious on the topo-
graphic micrographs were somewhat ironed out by the control
loop, i.e., the cantilever does not undergo any further bending,
and the landscapes on the micrographs appeared flatter but
show their surface in a greater detail.

TEM The previously described fresh-cut unwashed and tap
water- and PTW-washed specimens were taken to prepare

the samples for TEM. A piece of 5 mm width and 20 mm
length was cut out of the green leaf area. This piece was then
cut into samples of 5 mm width and 1 mm length by using a
sterile razor blade. Five samples of each specimen were used
for fixation. Plant tissue samples were fixed with a solution
containing 3% glutaraldehyde in buffer (50 mM cacodylate
buffer; pH 7) for 2 h at room temperature and then stored at
4 °C until further processing. After washing with buffer for 5,
10, 15, 20, and 30 min, respectively, and embedding in low
gelling agarose, specimens were washed three times with
buffer for 10 min each time, post-fixed with 2% osmium te-
troxide in buffer for 2 h at room temperature, and washed
again with buffer for 5, 10, 15, 20, and 30 min, respectively.
After dehydration in graded species of ethanol (30%, 50%,
70%, 90% for 15 min each step, 96% two times for 10 min,
100% ethanol three times for 10 min), the material was trans-
ferred stepwise into propylene oxide and finally embedded in
AGAR-LV resin (Plano, Wetzlar, Germany) by using the flat-
embedding technique. Sections were cut on an ultramicrotome
(Reichert Ultracut, Leica UKLtd., Milton Keynes, UK), trans-
ferred onto Pioloform-coated slot grids (2 × 1 mm), stained
with 4% aqueous uranyl acetate for 5 min followed by lead
citrate for 1 min and analyzed with a transmission electron
microscope LEO 906 (Zeiss, Oberkochen, Germany) at an
acceleration voltage of 80 kV. The micrographs were edited
using Adobe Photoshop CS6.

Results and Discussion

Chemical Composition of PPA

Emission Spectroscopy

Using ES analysis of the plasma, nitrogen monoxide radical
(·NO) and nitronium cation (NO2

+) as well as hydroxide anion
(OH−) were detected as the main species (Fig. 4). By means of
ES, only excited neutral particles, ions, and radicals can be
detected and a species density can only be calculated if a
plasma radiation model is available. As this was not the case,
yet, the PPA generated by the microwave plasma was addi-
tionally analyzed by FTIR to obtain results that were more
detailed.

FTIR

FTIR was acquired directly before the contact point of the
PPA with the water, approximately 150 cm away from the
plasma. During the FTIRmeasurements, no water was present
for functionalization by the PPA. The results of the FTIR
analysis are shown in Fig. 5. The main components in the
PPA at this site were nitrogen monoxide radicals (·NO), nitro-
gen dioxide radicals (·NO2), and water (H2O), oxygen (O2),
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and nitrogen (N2). Apart from the relatively high water con-
tent, ·NO and ·NO2 were to be expected based on the ES
results. Small components like H2O2, nitrous acid (HNO2),
nitric acid (HNO3), and dinitrogen pentoxide (N2O5) were
also not surprising. ·NO was determined with a concentration
of 2900 ppm (7.79 × 1022 m−3), ·NO2 with 76 ppm (2.04 ×
1021 m−3), and H2O with 9200 ppm (2.47 × 1023 m−3).

Theoretically, no new findings from this measurement
were expected, the composition is in accordance with data
from the literature [34]. However, in the literature, an upper
limit of up to 8% is given for ·NO formation whereas here, the
concentration of ·NO in the PPA was significantly lower than
expected at ~ 3‰. One possible explanation is the irregular
temperature distribution in the microwave plasma used to gen-
erate the PPA. According to Drost [34], the maximal ·NO
generation takes place at 3500 K and reaches a concentration
of 8%. Although, the used microwave discharge PLexc2

achieved such high temperatures in the core of the active plas-
ma zone, the plasma temperature decreased significantly to-
wards the edges of the plasma source. Due to the ceramic
lining, the temperature close to the walls could be estimated
to be < 2000 K. Due to the high temperature and the ideal gas
law, the particle density decreased with increasing tempera-
ture. Therefore, only a part of the gas molecules was able to
enter the hot temperature region of the plasma and could be
efficiently converted into ·NO. The significantly lower con-
centrations of ·NO measured in FTIR compared wth the liter-
ature data can be explained by the steep profile of ·NO gener-
ation efficiency over temperature in combination with the
sharp temperature profile of the plasma. Furthermore, ·NO is
oxidized to ·NO2 almost simultaneously under the influence of
O2 and other oxidizers.

The information confirmed and newly obtained by ES and
FTIR measurements allowed an expectation of the chemical
spectrum to be found in PTW. Apart fromH2O2, only reactive
nitrogen species (RNS) were expected. Therefore, the analy-
ses, used for the investigation of the chemical composition of
PTW, could be better selected.

Chemical Composition of PTW

The detailed analysis of the PTW was performed by measur-
ing the pH value, by using chronoamperometry to measure the

concentration of H2O2, and by using IC to measure the con-
centration of nitrite and nitrate.

pH Value and Chronoamperometry for H2O2 Detection in PTW

The measured pH value of the used distilled water was typi-
cally between pH 5.4 and 5.7. The measured pH value of the
used tap water was typically around pH 7.1. The typical range
of the pH value of the used PTW at lab-scale was 1.5 to 1.7
and at up-scaled size 1.7 to 1.9. These pH values were deter-
mined as highly antimicrobial in former investigations [35].

As the FTIR measurements of the PPA detected a very low
concentration of H2O2, a very well-known antimicrobial agent
[36, 37], the method of chronoamperometry was chosen for
detection of H2O2 in PTW. The advantage of this technique is
the unequivocal proof of H2O2 by the specific reaction with
Prussian blue compared with titanium (IV) oxysulfate. The
results of the chronoamperometry are shown in Fig. 6. The
concentration of a commercial H2O2 solution (Merck,
Darmstadt, Germany) was measured to be 34.3035% w/v by
titration. Based on this concentration, a stock solution with a
final concentration of 0.1 g l−1 was prepared. The verification
was done by manganometric titration. Finally, a concentration
of 0.108864 g l−1 was calculated for the prepared standard.
This value was used for all further calculations of H2O2 con-
centrations detected for PTW.

The cyclic voltammogram, shown in Fig. 6a, has the
typical pattern for Prussian blue/carbon chip electrodes. In
Fig. 6b, the measured curves of the H2O2 standard and the
PTW are given. The measurement was repeated five times
in total and the values were then averaged. The measured
currents for PTWwere compared with the standard ones and
thus the H2O2 concentrations in the PTW was calculated at
5.61 mg l−1 (29.39 mM). This concentration is low and
should not be responsible alone for the observed antimicro-
bial effects of PTW. H2O2 is a widely used disinfectant due
to its oxidizing effect. Commonly, a 3% (882 mM) to 6%
(1764 mM) solution is used [38]. Its broad spectrum of use
includes disinfections of wounds, packaging material dur-
ing aseptic filling, and drinking water and it is a component
of contact lens solutions and dental disinfectant formula-
tions. H2O2 has a strong antimicrobial effect at high con-
centrations, but needs long exposure times at lower

Fig. 4 Emission spectroscopy
(ES). An overview spectrum of
the used microwave discharge.
The spectrum was corrected for
relative spectrometer sensitivity.
The figure is taken from [30]
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concentrations. While the structure of the bacterial cell wall
makes Gram-positive bacteria less susceptible than Gram-
negative ones, Gram-positive bacteria have catalase and
peroxidase proteins to increase their tolerance against
H2O2 at lower concentrations [39]. Anarobic microorgan-
isms are more sensitive than aerobic ones and yeast and
molds are in most cases more resistant to H2O2 than bacteria
[40]. To realize the antimicrobial effect of H2O2, the treat-
ment environment should be at low pH as an alkaline envi-
ronment would decompose H2O2 rapidly [41]. H2O2 is

known to produce hydroxyl radicals (·OH). The strong ox-
idizing potential of H2O2 can lead to the destruction of cell
components like oxidation-sensitive metabolic enzymes.
Subsequently, this may be followed by oxidation of struc-
tural elements with sulfhydryl groups or disulfide bridges.
As a result, these structures lose their functionality and the
cell metabolism collapses. H2O2 may also cause lipid per-
oxidation of membranes or react with the deoxyribonucleic
acid (DNA), which can result in DNA nicking, strand
breaks, or point mutations [42, 43].

Fig. 5 Fourier-transform infrared spectroscopy (FTIR). Overview spectra
of the microwave discharge–generated plasma-processed air (PPA) di-
rectly before contact with water. Measurements were done without water.
a Spectrum of water (H2O), b spectrum of nitrogen monoxide radicals

(·NO), c spectrum of nitrogen dioxide radicals (·NO2), and d spectrum of
hydrogen peroxide (H2O2), nitrous acid (HNO2), nitric acid (HNO3), and
dinitrogen pentoxide (N2O5)
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Ion Chromatography

The main potentially antimicrobial components of the PPA
detected by FTIR measurements were ·NO and ·NO2.
Therefore, IC was used to detect nitrite (NO2

−) and nitrate
(NO3

−) in the PTW. In literature, many analyses of NO2
−

and NO3
− in PTW can be found [44] predominantly using test

kits based on photometrical quantification of azo dye reaction
product. As photometric methods represent only an indirect
detectionmethod, direct detectionmethods are preferable. The
commercially available test kits for these analyses have the
disadvantage of very restricted method conditions such as
certain pH values in the test material and small detection
ranges with regard to the concentration of the substance to
be detected. Since the concentration in the PTW is very high,
dilution steps would be necessary which could lead to further
errors. Therefore, the NO2

− and NO3
− analyses were done

with IC to be independent of their occurring concentrations,
as very low and very high ones were detectable and no dilu-
tion was required. The columns used in IC were specific for
anions and by using specific standards of NO2

− and NO3
−,

their fractions are to be identified and quantified. The samples
of PPA-functionalized PTW were used directly after treat-
ment. The results for IC measurements are illustrated in
Fig. 7. As reference, distilled water was analyzed.

Traces of chlorine ions (Cl−), NO2
−, phosphate (PO4

3−),
and sulfate (SO4

2−) were found in the reference. Only the
concentration of NO3

− was slightly elevated at 0.42 mg l−1.
In contrast, the PTW contained clearly increased NO2

− and
NO3

− values, 687 mg l−1 NO2
− and 1227 mg l−1 NO3

−, re-
spectively. Further ions that are assigned to RNS (reactive
nitrogen species) and are considered as antimicrobial, such

as peroxynitrite (ONOO−), were not detected. In order to
achieve a separation of NO3

− and ONOO−, a buffer with ace-
tonitrile was used [31]. With acetonitrile-free buffers, the
NO3

− peak cloud be strongly affected by the superimposed
ONOO−. The investigated PTW clearly did not contain any
ONOO−. It can therefore be assumed that the antimicrobial
effect of PTW could be caused by NO2

− and NO3
− in combi-

nation with a pH < 2, as well as a low concentration of H2O2.
The antimicrobial properties of high concentrations of

NO2
− and NO3

− in an acidic environment are well described
in literature [18, 45]. The inhibition of the antioxidant

Fig. 6 Chronoamperometry. a Typical cyclovoltammogram of the
Prussian blue chip electrode. The range is from − 0.4 to 1.2 V. b
Chronoamperometry of the used standard of H2O2 and of the PTW.
The black line shows the curve of the 0.1 g l−1 H2O2 standard and the

red line illustrates the chronoamperometric profile of the PTW. Based on
the peak areas, the H2O2 concentration was calculated in relation to the
standard. The measurements were repeated five times as illustrated

Fig. 7 The chromatogram of the PTW at 220 nm. Two clearly separated
fractions were measured. Using the standards for nitrite and nitrate, the
fraction at a retention time of 7.7 min was identified as nitrite and the one
at a retention time of 10.8 min as nitrate
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pathways, the damage of membrane protein repair chaperones
and DNA repair cascades by reactive nitrogen and oxygen
species (RNOS) may lead to microbial inactivation [46, 47].
Predictions were made about the reactive species that could be
expected based on the physical parameters of the plasma
source. Due to its higher power density, the microwave-
induced plasma used in this work has a higher temperature
compared with high-frequency plasmas like the kINPen [48,
49] or the cold plasma types of dielectric barrier discharge
(DBD, [21]). Consequently, it can be assumed that RNS and
not ROS are the main effect components for microwave
plasmas, since the temperatures reached are too high for stable
production of O3 [34]. However, ROS may again occur at
PTW. Here, the O2 molecules of the water interact with the
molecules of the plasma gas and can form ROS [50–52]. This
in turn leads to reoxidation of the water by the plasma gas.
Nevertheless, the H2O2 concentration of 5.61 mg l−1

(29.39 mM), measured in PTW, is low. However, high con-
centrations of NO2

− in combination with H2O2 play a key role
in the microbial inactivation by PTW [53, 54]. Both chemicals
can form peroxynitric acid (O2NOOH), which subsequently
leads to the formation of superoxide (O2

·−) [53, 55]. O2
·− is

among other ROS significant for bacterial inactivation [17,
20]. ONOO−, which can be produced by H2O2 and nitrous
acid (HNO2), is also responsible for the inactivation of micro-
organisms [56]. However, this molecule was not detected in
the PTW. Chemical reactions of RNOS are very complex in
PTW [20].

Microorganisms, especially under aerobic conditions, are
used to oxidative and nitrosative stresses. Indeed, bacteria
produce RNOS as natural byproducts during their metabolic
activity [47]. Therefore, microorganisms have defense mech-
anisms like superoxide dismutase (SOD) and catalase, which
convert O2

·− to H2O2 and H2O2 to H2O and O2. Furthermore,
bacteria have different enzymes, called nitrate reductases,
which are able to utilize NO3

− as a nitrogen source or use
NO3

− as an alternative electron acceptor during ATP synthesis
[57].

Proliferation Assay

In our investigations, the initial concentration of the total plate
count at lab scale was 2.5 × 106 cfu g−1 and at pilot scale it was
3.1 × 107 cfu g−1. These numbers are comparable to the total
aerobic counts detected for fresh-cut lettuce in the literature
[58, 59]. For the washing of fresh-cut lettuce with tap water
(scenario 1), the maximal reduction was always close to 1
log10 cycle (Fig. 8a–d, black triangles). If the fresh-cut lettuce
was washed with PTW at lab scale, the dynamic of the inac-
tivation curves changed. In scenario 2 (Fig. 8a), the PTWwas
only used in the fourth washing step. Therefore, the RF for the
washing steps 2 and 3 for tap water and PTWwas very similar
and clearly below 1. In the fourth washing step, however, the

RF increased to more than 3 log10 and decreased only slightly
below 3 log10 in the fifth washing step. In scenario 3 (Fig. 8b),
the use of PTW in the washing steps 1, 2, and 4 led to very
high reductions between 4 and 5 log10 cycles. A decrease was
only observed in the washing steps with tap water. In scenario
2 (Fig. 8c), a similar dynamic of inactivation was observed
with the washing step with PTW increasing the microbial
reduction. However, the reduction factor was very low overall
and close to tap water. Using the PTW at in three washing
steps in scenario 3 at pilot-scaled size (Fig. 8d) resulted in an
increase of the reduction up to 2 log10 cycles. Again, the
observed inactivation dynamics were comparable to lab-
scale experiments but overall microbial reduction by both
PTW and tap water was lower with the pilot-scale experiment.
In the washing steps with PTW, the inactivation was enhanced
and it was less with tap water, maybe due to recontamination.

Metabolic Activity Assay

The proliferation studies were complemented by analyses of
the metabolic activity of the background microflora of the
fresh-cut lettuce before and after washing with tap water and
PTW at lab scale. The analyses are based on an XTT assay,
which analyzes the cell metabolic activity as a function of the
redox potential. The results of the XTT assays are given in
Fig. 9.

The absorption of formazan dye at 470 nm is given in
percentage of the control (unwashed lettuce) over the extrac-
tion points for the tap water treatment and the specific scenar-
io. Metabolically active cells are able to reduce the tetrazolium
salt XTT to the orange-colored compound formazan. The
higher the percentage, the higher the metabolic activity of
the microbial cells obtained from the lettuce. The data point
for the extraction point 0 showed the metabolic activity for the
unwashed lettuce as 100%. Washing with PTW in the scenar-
ios 2 (Fig. 9a) and 3 (Fig. 9b) affected the metabolic activity of
the microorganisms, which could be demonstrated by the de-
crease in the absorption at extraction points 4 and 5 in scenario
2 down to 40%. The large deviation in these data points may
be due to two factors. On the one hand, scenario 2 seems to
reflect the very dynamic range of the mechanism of action of
PTW, so that parts of the natural microbial load on the lettuce
have already been inactivated and possibly killed (no longer
present metabolic activity), while another part of the microor-
ganisms has also been inactivated, but still has a very well-
functioning metabolism. The second point is the investigated
natural load of the lettuce, which should mainly, but not only,
contain Gram-negative bacteria from the families of
Pseudomonadaceae and Enterobacteriaceae [60]. This diverse
microbiological flora will probably also react very diversely to
the antimicrobial influence in the dynamic range of the PTW.
Scenario 3 showed an extremely steep decrease in the meta-
bolic cell activity to approx. 3% for all extraction points.
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These two scenarios also had high RFs in the same washing
steps, as previously described. Washing with tap water (sce-
nario 1) had only a small effect, the lowest metabolic activity
decreased down to approximately 80%.

Cell Membrane Integrity Assay

Finally, the native load of the fresh-cut lettuce was examined
at lab scale with regard to the integrity of the cell envelope
(fluorescence assay, Fig. 10).

The results obtained were less obvious than for the CFU
and XTT assays. For scenarios 2 and 3, a very high reduction
of 3 to 5 log10 cycles observed in the proliferation assay and a

significant reduction of metabolic activity was shown.
However, the fluorescence assay showed differences to tap
water only at some extraction points. Tap water treatment
already resulted in 60% loss of cell envelope integrity. This
may lead to the assumption that this test has only a weak
significance regarding the antimicrobial effects of PTW. By
calculating the ratio G/R as the quotient of the fluorescence
intensities of living (green) and dead (red) cells and the ratio of
unwashed and washed samples to each other as percentages of
these quotients, the different initial cell numbers could be
neglected.

Since propidium iodide (PI) could penetrate through even
the smallest damage in the cell membrane, many cells were

Fig. 8 Proliferation assay (CFU). The graphs show the reduction factor
(RF) of the native microbial load for each examination point within the
different scenarios analyzed by total plate count. Each figure (a–d) in-
cludes the data for tap water and PTW washing of the fresh-cut lettuce.
All RFs were related to the unwashed lettuce (reference). a Lab-scale: in
red—scenario 2: PTW at extraction point 4 (180 s main washing), extrac-
tion points 2, 3, and 5 with tap water; in black—scenario 1: tap water used
at extraction points 2 to 5. b Pilot scale: in red—scenario 2: PTW at
extraction point 4 (180 s main washing), extraction points 2, 3, and 5
with tap water; in black—scenario 1: tap water used at extraction points 2

to 5. c Lab-scale: in red—scenario 3: PTW at extraction points 1, 2, and 4
(180 s pre-bathing, 30 s pre-rinsing, 180 s main washing), extraction
points 3 and 5 with tap water; in black—scenario 1: tap water used at
extraction points 1 to 5. d Pilot scale: in red—scenario 3: PTW at extrac-
tion points 1, 2, and 4 (180 s pre-bathing, 30 s pre-rinsing, 180 s main
washing), extraction points 3 and 5 with tap water; in black—scenario 1:
tap water used at extraction points 1 to 5. The initial concentration was
106 to 107 cfu g−1. All experiments were repeated threefold with n = 3
resulting in n = 9
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possibly detected false positive as dead for this dye, making
the distinction between false positive and positive values al-
most impossible. A statement based only on this assay is not
possible, because otherwise only tapwater would have to have
a strong decontaminating effect on the native contamination.
Many microorganisms tolerate small damages of the cell

membrane while the metabolism as well as the proliferation
capacity is preserved. In addition, microorganisms have many
repair mechanisms to maintain their cell integrity. The cell
wall and membranes of bacteria are the first protection barrier
from the extracellular environment. This cell compartment is
exposed to the oxidizing molecules, which target the

Fig. 10 Integrity of the cell membrane (fluorescence assay). The graphs
showed the G/R ratio of the green fluorescence dye SYTO9 and the red
fluorescence dye of propidium iodide (PI). Bacteria with intact cell mem-
branes stained fluorescent green, whereas bacteria with damaged mem-
branes stained fluorescent red. Each figure (a, b) included the data for tap
water and PTW washing of the fresh-cut lettuce. All data points were
related to the unwashed lettuce (reference, extraction point 0). a In

red—scenario 2: PTW at extraction point 4 (180 s main washing), extrac-
tion points 2, 3, and 5 with tap water; in black—scenario 1: tap water used
at extraction points 2 to 5. b In red—scenario 3: PTW at extraction points
1, 2, and 4 (180 s pre-bathing, 30 s pre-rinsing, 180 s main washing),
extraction points 3 and 5 with tap water; in black—scenario 1: tap water
used at extraction points 1 to 5. All experiments were repeated threefold
with n = 3 per experimental day, resulting in n = 9

Fig. 9 Metabolic activity (XTT assay). The graphs showed the
absorption of formazan dye at 470 nm, generated by the reduction of
XTT by metabolic active cells, for each examination point within the
different scenarios. Each figure includes the data for tap water and
PTW washing of the fresh-cut lettuce. All data points were related to
the unwashed lettuce (reference, extraction point 0). a In red—scenario
2: PTW at extraction point 4 (180 s main washing), extraction points 2, 3,

and 5 with tap water; in black—scenario 1: tap water used at extraction
points 2 to 5. a In red—scenario 3: PTW at extraction points 1, 2, and 4
(180 s pre-bathing, 30 s pre-rinsing, 180 s main washing), extraction
points 3 and 5 with tap water; in black—scenario 1: tap water used at
extraction points 1 to 5. All experiments were repeated threefold with n =
3 per experimental day, resulting in n = 9

Food Eng Rev



microorganisms. Elevated levels of reactive species can dam-
age DNA, proteins and membrane lipids leading finally to cell
death. Therefore, the presence of oxidative stress defense
mechanisms is crucial for cell survival. Thus, bacteria, like
nearly all other living organisms, contain enzymatic systems
to deal with oxidative stress. Such proteins are different
SODs, catalases, peroxiredoxins, and oxidoreductases [61].
These defense mechanisms occur in bacteria in the cytoplasm
and the cell membranes. The cell membranes are a structural
barrier, which avoid unnecessary permeability and an antimi-
crobial active O2

·− cannot easily penetrate cell membranes
[61]. Therefore, SODs are active in the cytoplasm and peri-
plasm to detoxify O2

·− such as released by the respiratory
systems. Commonly, the SODs are synthesized at stationary
phase. On the contrary, H2O2 can diffuse through biological
membranes and can be detoxified in the bacterial cytoplasm
by catalases and peroxidases. Only one enzyme in the peri-
plasm for peroxide reduction has been reported in the litera-
ture [62]. The defense mechanism of bacteria against oxida-
tive stress deals with two options: (1) direct inactivation of
RNOS and (2) protein repair after oxidative damage. Thus,
minimal membrane defects did not lead to cell death.

The sub-lethal damage of bacterial cells after plasma treat-
ment in connection with the possible viable but non-cultivable
state (VBNC) of microorganisms is discussed in the literature
[63–65]. There is agreement that various antimicrobial active
components of non-thermal plasmas are capable of causing
sub-lethal injuries and thus also the VBNC state. The work
of Dolezalova and Lukes [64] investigated the effect of non-
thermal plasma generated by a plasma jet on Escherichia coli
with respect to antimicrobial efficacy (proliferation) and met-
abolic vitality (fluorescence assay). They found a high de-
crease in proliferation (7 log10 cycles) combined with a low
decrease in metabolic vitality (1 log10 cycles) and assumed
that E. coli entered the VBNC state after plasma treatment
due to sub-lethal injuries. An example of Gram-positive bac-
teria (Bacillus stratosphericus) was described by Cooper et al.
[63] using treatment with a dielectric barrier discharge (DBD).
Since the natural microbial flora of lettuce consists of Gram-
negative and Gram-positive bacteria, the observed sub-lethal
injuries in our study may also depend on a possible VBNC
state. This should be investigated in more detail in the future.

If all results of the CFU, XTT, and fluorescence assays are
considered together, an inactivation of the natural load on
fresh-cut lettuce is possible. This depends on the used volume
of PTW, the type of application (rinsing or washing), the
treatment time, and at which position within the washing line
the PTW is used. However, PTW was likely to cause only
minor cell membrane damage, whereas metabolic activity
could be significantly affected.

The purpose of washing lettuce with tap water is to remove
dirt and loose cells from the surface of the lettuce.
Antimicrobial-functionalized wash water is used (e.g., ClO2,

PTW) to decontaminate the water itself and prevent recontam-
ination of lettuce leaves. The bonus and purpose of good
maintenance of antimicrobial effectiveness in wash water
means that there is the possibility of predicting where a
PTW step with antimicrobial function is best applied as op-
posed to a tap water step (dirt removal).

Color and Texture Analyses

The results for the conducted color and texture analyses are
shown in Fig. 11.

The change of green lettuce color after washing with tap
water and PTW was determined directly and after 1 day
(Fig. 11a, c, e, g). In summary, the Chroma value was not
significantly affected by any of the treatments studied. Longer
storage times and an increase in the number of samples could
provide further information in the future. The change in texture
of fresh-cut lettuce leaves after each washing scenario was only
determined directly (Fig. 11b, d, f, h). For the texture determi-
nation, the complete head of lettuce was used and cut without
removal of the stem components. In texture analysis, compared
with unwashed fresh-cut lettuce, each washing of the lettuce
resulted in a lower maximum force required for the first break-
through. This means that the leaf tissue became softer.
However, none of the measured force values were significantly
different from the unwashed sample or from each other. This
may be due to the small sample size of n = 5, or to the fact that
the stem and leaf pieces of the lettuce weremixed andmeasured
together. Here, future investigations with separated lettuce leaf
components could lead to a deeper knowledge of which leafy
structures are more impacted.

Microscopy of Plant Tissue After PTW Treatment

Microscopic methods were used for further investigations of
the influence of PTW treatment on the food quality of fresh-
cut lettuce and to confirm the findings of the texture analysis.
These methods were SEM and AFM for the visualization of
the leaf surface including the stomata and TEM for an insight
into the cell interior and the influence on the cell organelles.

In the texture analysis, no negative influence on the leaf
structure after washing with PTW was found. This was con-
firmed by the SEM (Fig. 12) and AFM (Fig. 13) analysis.
Overall, the SEM analysis showed no clearly visible changes
between the samples and the unwashed reference. Neither

�Fig. 11 Color (a, c, e, g) and texture (b, d, f, h) measurements of
unwashed and washed fresh-cut lettuce. The Chroma value was detected
for color and themaximal force for texture. a, b Lab scale, scenario 2; c, d
pilot scale, scenario 2; e, f lab scale, scenario 3; g, h pilot scale, scenario 3.
The experiments were repeated 3 times with n = 5 per experimental day,
which resulted in n = 15. For texture analysis, 10 g of the fresh-cut lettuce
was used. Stem components were not removed
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when washing the lettuce with tap water, nor for PTW (inde-
pendent of the scenario) was a serious influence noticeable
and intact stomata—both open and closed—were observed
in all samples (Fig. 12 middle and right column).

The AFM analyses of lettuce leaves represent the first use
of this approach for leafy vegetable analysis, and showed

results of 10 to 14 μm in the height micrograph. The wave-
like structure, which was already seen in the SEM investiga-
tions, can be seen very well in the error signal micrograph
(Fig. 13, left column). The slight variations in the height pro-
files were probably due to the presence of stomata in the
scanned section.

Fig. 12 Scanning electron microscopy (SEM) of the fresh-cut lettuce
(butterhead) unwashed and washed with tap water or PTW. For each
scenario, three magnifications are shown: left × 100, middle × 1000, right

× 4000. The scenarios shown are a unwashed, b tap water–washed, c
PTW-washed—scenario 2, d PTW-washed—scenario 3
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AFM seems to be a good alternative for SEM but in the
future, comparative studies with ESEM (Environmental SEM)
should be conducted to select the best microscopic method for
studying leaf surfaces. The advantages of using ESEM would
be the investigation of living tissue without previous

preparation, as lower vacuum (higher pressure) is used and no
sputtering for conductive surfaces is needed compared with
conventional SEM. As a result, biological samples can be ana-
lyzed faster and more easily. This special technique is avoiding
complex and time-consuming preparation methods, without

Fig. 13 Atomic force microscopy
(AFM) of the fresh-cut lettuce
(butterhead) unwashed and
washed with tap water or PTW.
For each scenario, two micro-
graphs are shown: left—error
signal/deflection micrograph,
right—height micrograph. The
scenarios shown are a unwashed,
b tap water–washed, c PTW-
washed—scenario 2, d PTW-
washed—scenario 3. The micro-
graphs were recorded in contact
mode with a set point at 15 nN, a
line rate of 0.08 Hz and by a 90 ×
90 μm2 scan width. The error
signal/ deflection micrograph
shows the bending of the cantile-
ver and it is plotted against its xy
position. The height micrograph
shows the vertical (z) and hori-
zontal (xy) movement of the
piezo scanner. It shows the exact
topographic height differences on
the sample surface
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modifying the natural surface or creating artifacts by the pre-
ceding preparation work, or the vacuum of the SEM.

The TEM analysis of leaf tissue from unwashed lettuce
showed the typical cell organelles to be expected [66–68], except
for vacuoles (Fig. 14). The absence of vacuoles was probably an
artifact of preparation. Differences in the composition of cell
organelles were not found for tap water and PTWcompared with
the unwashed reference.

Conclusion

The innovative method for the generation of antimicro-
bial active water at lab and pilot scale is investigated in
this study and demonstrated that PTW represent an ef-
fective process water additive to improve conventional
washing methods in fresh-cut processing. The inactiva-
tion of the natural microbial contamination with

Fig. 14 Transmission electron microscopy (TEM) of the ultrastructure of
the fresh-cut lettuce leaf tissue unwashed and washed with tap water or
PTW. For each scenario, four micrographs are shown: from left to right—
overview of the ultrathin section, three detailed micrographs of the same
section depicting all detected cell organelles. The scenarios shown are a

unwashed, b tap water–washed, c PTW-washed—scenario 2, d PTW-
washed—scenario 3. The organelles are nucleus (n); cytoplasm (cy); cell
wall (cw); chloroplast (c); mitochondrion (m); vesicle (vs); plastogloboli
(p); peroxisome (px); membrane (mm; plasmalemma or tonoplast)
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microwave-based PTW on fresh-cut lettuce at lab and
pilot scale during a washing process with common
washing steps revealed the critical steps for antimicro-
bial efficacy. A significant dependency of inactivation
efficiency on the single or combined usage of PTW at
different steps of the washing process was detected.
Possible antimicrobial active agents were detected in
the PPA and PTW by different techniques. This includ-
ed H2O2, NO2

−, and NO3
− and the acidification by low

pH values. The investigations of the food quality after
PTW treatment showed promising results, as the color
and texture, the surface structure, and the lettuce tissue
cell organelles remained unaffected. However, the prom-
ising results and the advantages of PTW including low
temperature, simple and cheap generation, and compara-
bility to current procedures such as tap water rinsing,
ozonized water, chlorinated water, or electrochemically
activated water (ECA) offer a wide range of innovative
applications. The challenges for the future will be the
optimization of antimicrobial inactivation at industrial
scale equipment for various food products, with a
recycling of the washing water considered for sustain-
ability. Furthermore, toxicological investigations, and
studies to combine the PTW with other sanitation tech-
nologies, are needed to drive regulatory approval
forward.
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This study evaluated the impact of a defined plasma treated water (PTW) when applied to

various stages within fresh-cut endive processing. The quality characteristic responses

were investigated to establish the impact of the PTW unit processes and where PTW

may be optimally applied in a model process line to retain or improve produce quality.

Different stages of application of PTW within the washing process were investigated

and compared to tap water and chlorine dioxide. Fresh-cut endive (Cichorium endivia

L.) samples were analyzed for retention of food quality characteristics. Measurements

included color, texture, and nitrate quantification. Effects on tissue surface and cell

organelles were observed through scanning electron and atomic force microscopy.

Overall, the endive quality characteristics were retained by incorporating PTW in the

washing process. Furthermore, promising results for color and texture characteristics

were observed, which were supported by the microscopic assays of the vegetal tissue.

While ion chromatography detected high concentrations of nitrite and nitrate in PTW,

these did not affect the nitrate concentration of the lettuce tissue post-processing and

were below the concentrations within EU regulations. These results provide a pathway

to scale up the industrial application of PTW to improve and retain quality characteristic

retention of fresh leafy products, whilst also harnessing the plasma functionalized water

as a process intervention for reducing microbial load at multiple points, whether on the

food surface, within the process water or on food-processing surfaces.

Keywords: atmospheric pressure plasma, food quality, leafy greens, microwave-driven discharge, non-thermal

processing, ready-to-eat produce

INTRODUCTION

As withmany other vegetables, fresh-cut lettuce (e.g., endive) is a minimally processed produce that
is harvested, cut, washed, centrifuged, and packaged (1, 2). These activities may be associated with
mechanical damage to plant tissue, which causes biochemical and physiological reactions such as
enzymatic browning, increased respiration, sensory, and structural decay (3). These changes may
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lead to significant losses in quality and thus reduce the shelf life
and marketability of the produce (4, 5). Washing the fresh-cut
lettuce is used to remove field heat, dirt, microorganisms, possible
pesticide residues, and cell exudates, which could otherwise lead
to a loss of quality (6, 7). Washing is therefore particularly
important for the microbial safety and storage quality of fresh
cut lettuce.

However, the process water can also be a source of
microorganisms and lead to cross contamination. Therefore,
where the use is legally permitted, water additives, mostly
chemical, are used to reduce the microbial load in the washing
water. Chlorine-based compounds are the most common and
widely used disinfectant (8, 9). However, the use of chemicals
is not permitted in the production of organic food and in
conventional food processing the use of chemical disinfectants
is not without concern, as they can lead to the formation of
potentially harmful haloform by-products namely chloramines
and trihalomethanes (10). Other wash water additives or
treatments already in industrial use include chemical sanitizers
like ozone, hydrogen peroxide, electrolyzed water, and peracetic
acid. Physical treatments such as high hydrostatic pressure,
pulsed electric field, oscillating magnetic field, ultra violet (UV)-
or gamma irradiation and high-power ultrasound are also
possible (4, 11–15). Some innovative process water additives
under research are Quillaja saponaria extract (QSE) and Nα-
lauroyl-L-arginine ethyl ester (LAE) (16–18).

The development of sustainable disinfection methods is
important and challenging, but product quality compatibility,
cost, environmental impact, and regulatorymust also bemet (19).
An innovative strategy under research to reduce the bacterial load
of process water and subsequently, to keep the food quality and
shelf-life of fresh-cut lettuce at high levels is the use of plasma
treated water (PTW) as an antimicrobial process stage.

The application of non-thermal plasma (NTP) generated at
atmospheric pressure is a promising physical approach (20,
21). Plasmas are ionized gases containing neutral- and free
charged particles such as ions and electrons (22, 23). Novel
intervention technologies for fresh foods demand minimal
processing at low or mild heat temperatures to maintain fresh
characteristics, as well as compatibility with high throughput
continuous processing, which can be achieved through non-
thermal plasma at atmospheric pressure in gas or functionalized
liquid mode of delivery (22). PTW can be used as the transport
medium of reactive species and antimicrobial components for
food, water, and surface sanitation (24). PTW is comparable
to ozonized or chlorinated water with regard to mode of
application and antimicrobial effects. The chemical composition
of PTW concerning the acidic pH, and the reactive oxygen
and nitrogen species (RONS) was previously characterized (25).
Both, low pH and RONS are known to support and to cause
the antimicrobial mechanisms of action, therefore the chemical
composition of PTW should be known if PTW is investigated
as a process wash water. This study investigates the unexplored
aspects of how the PTW effects the food quality of fresh-
cut endive and determines where PTW may be optimally
applied within a fresh produce washing process for produce
quality retention.

MATERIALS AND METHODS

Generation of PTW and Its Chemical
Characterization
The PTW generation was previously described in (25). In
brief, plasma processed air (PPA) was used to treat distilled
water. This leads to the formation of PTW. The used plasma
source was a two-stage microwave-driven device (2.45 GHz)
based on a single-stage plasma torch (26, 27) and operated at
atmospheric pressure. The used technical parameters for the
presented experiments to generate PPA and subsequently PTW
were 1.3 kW (power) and 12 slm (volume flowrate) for the first
stage. For the second stage, 3.0 kW and 60 slm were applied. The
chemical composition of PPA and PTW was previously reported
(25, 28). Briefly, using emission spectroscopy (ES) analysis, the
spectral lines of nitrogen monoxide radical (·NO), nitronium
cation (NO+

2 ), and hydroxide anion (OH−) were dominant in
the detected spectrum (28). In the FTIR analysis, the main
components of PPA were nitrogen monoxide radicals (·NO),
nitrogen dioxide radicals (·NO2) and water (H2O), oxygen (O2)
and nitrogen (N2). ·NO was determined with a concentration
of 2,900 ppm (7.79 × 1022 m−3), ·NO2 with 76 ppm (2.04
× 1021 m−3) and H2O with 9,200 ppm (2.47 × 1023 m−3)
(25). The chronoamperometry identified a H2O2 concentration
of 5.61mg L−1 (29.39mM) in the PTW (25). Finally, the ion
chromatography (IC) measurements identified high values for
NO−

2 and NO−

3 , 687mg L−1 NO−

2 , and 1,227mg L−1 NO−

3 ,
respectively (25).

Investigated Specimen—Fresh-Cut Lettuce
With Native Load
The specimen (endive, Cichorium endivia L.) was bought at a
local organic market in Greifswald, Germany. The lettuce was
grown on different fields (loamy sand and sandy loam) in the
state ofMecklenburg-Western Pomerania, Germany. The harvest
months were October to December 2019. Subsequently, the
whole endive heads were stored in the dark for a maximum
of 24 h at 7.4 ± 0.1◦C before use. The relative humidity inside
the fridge was 78% to 99% with a dew point of 3.9 td to 7.3◦C
td. Produce samples were prepared in accordance with previous
studies aligned to industry practice and are briefly presented here
(25). For food color and texture analyses, the lettuce was cut
before washing. In the case of the microscopy analysis, the lettuce
was washed first and subsequently cut. Before experimental use,
the outermost leaves were removed, but the stalk was retained.
Both, the softer leaf parts and the harder stalk parts of the lettuce
were mixed to provide representative. Prepared experimental
samples were stored in closed homogenizer bags (polyethylene;
VWR International GmbH, Darmstadt, Germany) in air and
removed for analyses ay days 1 and 7.

Processing of Fresh-Cut Endive
The processing of the fresh-cut endive was performed on
a washing line mimicking a common industrial production
process. The washing line ultimately consisted of up to five main
sections—pre-bathing, pre-rinsing, pre-washing, main washing,
and post-rinsing. The investigated process variants are given in
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TABLE 1 | Investigated process variants included the application of PTW at various process stages and unwashed lettuce, tap water and chlorine dioxide (ClO2, 15 ppm)

were the reference treatments.

Process variant Unwashed

(0)

Pre-bathing

(1)

Pre-rinsing

(2)

Pre-washing

(3)

Main washing

(4)

Post-rinsing

(5)

Time of washing in [s] 0 180 30 180 180 30

Ia—tap water NA Tap water Tap water Tap water Tap water Tap water

Ib—tap water NA NA Tap water Tap water Tap water Tap water

II—PTW NA PTW Tap water Tap water Tap water Tap water

III—PTW NA NA PTW Tap water Tap water Tap water

IV—PTW NA NA Tap water Tap water PTW Tap water

V—PTW NA PTW PTW Tap water PTW Tap water

VI—ClO2 NA NA Tap water Tap water ClO2 Tap water

The washing time for each of pre-bathing, pre-washing and main washing was 180 s and the washing times for pre- and post-rinsing were 30 s. NA, not analyzed. For better visualization,

tap water treatment is highlighted in blue, PTW treatment in pink, and ClO2 treatment in red.

FIGURE 1 | An example process line, the illustrated washing process of a tap

water reference (process variant Ia): five washing sections—pre-bathing,

pre-rinsing, pre-washing, main washing, and post-rinsing.

Table 1 and as an example, the reference process using tap water
is illustrated in Figure 1. After the last washing step, the samples
were placed over a sieve for draining, but were not spun.

Characterizing the Impact of Process
Variants on Food Quality Parameters
Color Analyses
Color analyses on lettuce leaves were performed using a portable
colorimeter NH310 of 3nh (PCE Deutschland GmbH, Meschede,
Germany) with the CIELab system. Five points of measurement
were used for each lettuce leaf, and chroma was expressed as C-
value. For the process variants listed in Table 1, the Chroma was
examined after each washing section. These investigations were
carried out immediately on the day of treatment (day 0), 24 h (day
1), and 168 h (day 7) later.

Texture Analyses
The texture of the fresh-cut endive samples was examined with
the Texture Analyser TAXT+ (WINOPAL Forschungsbedarf
GmbH, Elze, Germany) before and after treatment with tap water,
PTW, or ClO2. Samples had a mass of 10 ± 2 g. Five samples
were examined for each process variant, washing section, and
storage time after treatment (0, 1, and 7 days). The sample to be
measured was transferred into a 600mL beaker and positioned
under the probe head. A probe head with three concentric rings
(WINOPAL Forschungsbedarf GmbH, Elze, Germany) was used,
as the large cross section is appropriate to measure the impact of

the force over the whole leaf samples structure. The used protocol
was previously described in Schnabel et al. (25).

Determination of Nitrate (NO−

3 ) Content
Before and after washing the fresh-cut lettuce with tap water,
PTW and ClO2, the plant tissue was homogenized with a
common hand blender. After blending, 5 g of the homogenized
plant tissue was mixed with 50mL sterile tap water (70◦C),
briefly shaken and incubated for 15min. Two filtration steps
were completed after incubation. For the first step, the whole
tissue sample was rinsed over a paper filter (VWR, Darmstadt,
Germany; particle retention of 2–3µm). In the second step,
the filtrated solution was filtrated again by a tip filter [Sarstedt,
Nümbrecht, Germany; particle retention 0.2µm, PES (polyester)
membrane]. The collected double-filtrated solution was analyzed
by IC for NO−

3 concentrations according to the following
procedure. Immediately after sample preparation, nitrate was
determined by ion chromatography (IC). For this purpose,
the IC was performed with the 850 Professional IC (Deutsche
METROHM GmbH & Co. KG, Filderstadt, Germany) as
previously described in detail in our publication Schnabel
et al. (25).

SEM
Fresh samples of fresh-cut endive with an area of 25 mm2

were retrieved before and after treatment with tap water, PTW
and ClO2. They were then prepared on brass holders with an
electrically conductive glue containing silver particles (Ferro
GmbH, Germany). The samples were dried under vacuum (1.0
mPa, 24 h) and subsequently coated with thin gold film by the
sputter coater SCD 050 (Bal-Tec, Switzerland) in order to adjust
the optimal material conditions for observation by means of
an electron microscope. Overview and high-resolution images
of the samples were taken with the electron microscope JSM
7500F (Jeol, Germany) at magnifications 100; 1,000; and 4,000. A
secondary electron detector with a resolution of 1.0 nm was used
for this morphological analysis. The microscope setting in this
study was applied as follows: accelerating voltage 1 kV, working
distance 8mm, samples surface in the perpendicular position to
the beam.
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AFM
A fresh-cut lettuce tissue sample was fixed onto a PE-holder
(32 × 8 × 2 mm3), and placed in a 60mm diameter petri
dish. Following a standard procedure (25), the sample have been
submerged in 5ml of filtered tap water (tip filter, which excludes
all particles >2µm) and fixed beneath the measuring head of the
AFM. We used a NanoWizard III (JPK BioAFM, Bruker, Berlin,
Germany) with a linearized piezo scanner for the scanning-
probe topographies. Therefore, the scanning covered a travel path
length of the piezos of 100µm in every direction (xyz). Beam-
shaped silicon probes without any top coating, a nominal spring
constant of 0.29N m−1, and a pyramidal-shaped tip (nominal
aspect ratio: 1.5–3.0) were used. All samples were measured in
contact mode with a set point of 15 nN and a line rate of 0.08Hz
by a 90 × 90 µm2 scan width. Two recording modes were
used; the height micrograph reflects the vertical (z-information)
extension of the piezo and the horizontal movement of the lateral
scanner whilst it scans over the surface. It reflects the exact
topographic height differences on the entire scan area. The
deflection image, which is also referred as the error signal, reflects
the deflection, i.e., the bending, of the probe that has been plotted
against its xyz-position.

TEM
Transmission-electron microscopic (TEM) micrographs were
taken before and after each washing step with tap water, PTW,
or ClO2. Using a sterile razor blade, samples of a 5 × 20
mm2-area (5mm length and a width of maximum 1mm) were
cut from green and healthy lettuce leaves. These pieces were
fixed at room temperature for 2 h with a fixative containing
3% glutaraldehyde in a 50mM cocadylate buffer at pH 7, and
stored at 4◦C until further processing. Before placing the samples
in the high vacuum of the TEM, they were washed for 5, 10,
15, 20, and 30min, and then embedded in low gelling agarose,
further washed with cacodylate buffer for 10min, prior to fixing
in 2% osmium tetroxide (which was dissolved in cocadylate
buffer) for 2 h at room temperature. Final samples were washed
repeatedly as described above. For dehydration, the specimens
were submerged for 15min in distinct ethanolic solutions with
increasing concentrations of 30, 50, 70, and 90%. Finally, we
placed the samples in 96% ethanol for duplicate 10min periods,
and then in 100% ethanol thrice. In applying the flat-embedding
technique, we transferred the samples stepwise into propylene
oxide before they have been ingrained in low-viscous agar-resin
(AGAR-LV, plano, Wetzlar, Germany). Subsequently, sections
were cut on an ultramicrotome (Reichert Ultracut, Leica UK
Ltd., Milton Keynes, UK), transferred onto pioloform-coated slot
grids (2 × 1mm, plano, Wetzlar, Germany), and stained with
4% aqueous uranyl acetate for 5min. This was followed by lead
citrate incubation for 1min. The samples were analyzed with a
TEM LEO 906 (Zeiss, Oberkochen, Germany) at an acceleration
voltage of 80 kV, and micrographs were edited with Adobe
Photoshop CS6 (Adobe Systems Inc., San Jose, Cal., US).

Statistics
Our experiments aim to mimic an industrial process as close as
it is possible and therefore the leaves are not treated the same

way at every extraction point (EP) along the washing process
(process variant I–VI). Some process variants (Ib, III, IV, and
VI) miss extraction point 1 (pre-bathing). Consequently, no data
were obtained for these aspects at EP1, which make a more direct
testing based on a distinct hypothesis complicated. Additionally,
tests need to be designed to test the data against two references.
The colorfulness (C) of the fresh leaves and their texture (T) are
basic values, which are used in our hypotheses. We assumed a
gaussian distribution among the values of C and T. Consequently,
the arithmetic means and a standard deviation were computed
and used in a statistical test series. We tested against a statistical
significance of α = 0.05.

Certainly, it is straightforward to assume that possible changes
in C and T appear when the leaves are treated with different
sanitizers, which is best observed at EP5. Therefore, we formulate
the basic α-hypothesis:

Hα
0 = The C or the T of the leaves did not change at EP5,

and the alternative:
Hα
1 = The C or the T of the leaves changed at EP5.

For that reason, we tested C and T at EP5 with an ANOVA
against the outcome of process variant Ia/b (tap water). By
this way, a statistical evaluation of possible differences in C
and T of treated leaves based on a p-value that mirrors the
probability of error for an incorrect rejection of the null
hypothesis at that point was possible. A second test series
evaluated every single step of each process variant against the
input-values (EP0) of C and T based on ANOVA. By this
way, a statistical evaluation of possible C and T changes along
every process variant was possible. Therefore, the β-hypothesis
is formulated:

H
β
0 = The C or the T of the leaves do not change due to the

treatment and the washing stage along a given process variant,
and the alternative:
H

β
1 = The C or the T of the leaves changed due to the

treatment and washing stage along a given process variant.
In summary, we have a set of horizontal ANOVA-tests for every
process variant (I–VI, β-test) and a vertical ANOVA-test at
EP5 (α-test). The β-test evaluated whether any C or T changes
occurred along a process variant. The α-test evaluated possible C
and T changes at EP5. Combined, α and β revealed information
about the experiment of a completely examined day (0, 1, and
7). Set the case, the input of leaves was, regarding their C and
T, homogenous and the outcome at EP5 differs, changes were
a consequence to a sanitizer treatment along a process variant.
A behavior, which could be observed when the α-H1-hypothesis
went through and if at least one β-H0-hypothesis was ineligible.
Generally, we interpreted the p-values of the α- and β-tests for
every examination day as strong indicators for the behavior of
the daily experimental set up. Nevertheless, they alone give not a
basis to test a hypothesis addressing the overall interpretation of
a completely examined day.

The hypothesis addressing the changes in C and T over a time
of 0, 1, and 7 days compared the mean values of the outcomes
at EP5 against each other based on an ANOVA evaluation and
the hypothesis:

H0 = The C or the T of the leaves did not change over the time
of 0, 1, or 7 days,
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FIGURE 2 | The effect of unit process treatments on color and texture stability of fresh cut endive. Color (left column) and texture measurements (right column) of

unwashed (extraction point 0) and tap water, PTW or ClO2 washed fresh-cut endive (extraction points 1–5). (A) Variant I: tap water at all extraction points for storage

(Continued)
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FIGURE 2 | days 0, 1 and 7. (B) Variant II: PTW at extraction point 1 (180 s pre-bathing), extraction points 2–5 with tap water for storage days 0, 1, and 7. (C) Variant

III: PTW at extraction point 2 (30 s pre-rinsing), extraction points 3–5 with tap water for storage days 0, 1, and 7. (D) Variant IV: PTW at extraction point 4 (180 s main

washing), extraction points 2, 3, and 5 with tap water for storage days 0, 1, and 7. (E) Variant V: PTW at extraction point 1, 2, and 4 (180 s pre-bathing, 30 s pre-rinsing,

and 180 s main washing), extraction points 3 and 5 with tap water for storage days 0, 1, and 7. (F) Variant VI: ClO2 at concentration of 15 ppm at extraction point 4

(180 s main washing), extraction points 2, 3, and 5 with tap water for storage days 0, 1, and 7. All experiments were repeated threefold with n = 5 resulting in n = 15.

TABLE 2 | Statistical evaluation of storage day 0.

Process variant p-value H0 hypothesis

Horizontal β evaluation

I—tap water 0.59 Not rejected

II—PTW 0.12 Not rejected

III—PTW 0.75 Not rejected

IV—PTW 0.95 Not rejected

V—PTW 0.84 Not rejected

VI—ClO2 0.32 Not rejected

Vertical α evaluation

Extraction point 5 (EP5) 0.09 Not rejected

TABLE 3 | Statistical evaluation of storage day 1.

Process variant p-value H0 hypothesis

Horizontal β evaluation

I—tap water 0.22 Not rejected

II—PTW 0.22 Not rejected

III—PTW 0.85 Not rejected

IV—PTW 0.90 Not rejected

V—PTW 0.90 Not rejected

VI—ClO2 0.39 Not rejected

Vertical α evaluation

Extraction point 5 (EP5) 0.32 Not rejected

and the alternative:
H1 = The C and the T of the leaves changed over the time of

0, 1, or 7 days.
That hypothesis allowed statistical statements about changes in C
and T when the samples were stored up to 7 days.

RESULTS

Color
The results for the color analyses are shown in Figure 2 (left
column). The change of green lettuce color after washing with tap
water, PTW and ClO2 was determined directly (day 0), after 1 day
and 7 days of storage at 7◦C in a closed plastic bag. The Chroma
values of the color measurements were not affected by any of
the treatments studied within the 7-day storage trial. Statistical
analysis revealed no significant color changes for every process
variant and analysis day. The results of the statistical evaluation
are given in Tables 2–5.

TABLE 4 | Statistical evaluation of storage day 7.

Process variant p-value H0 hypothesis

Horizontal β evaluation

I—tap water 0.17 Not rejected

II—PTW 0.44 Not rejected

III—PTW 0.86 Not rejected

IV—PTW 0.96 Not rejected

V—PTW 0.42 Not rejected

VI—ClO2 0.69 Not rejected

Vertical α evaluation

Extraction point 5 (EP5) 0.12 Not rejected

TABLE 5 | Statistical evaluation over all storage days (day 0, 1, and 7) at EP5.

Process variant p-value H0 hypothesis

ANOVA evaluation over day 0, 1, and 7 at EP5

I—tap water 0.53 Not rejected

II—PTW 0.94 Not rejected

III—PTW 0.88 Not rejected

IV—PTW 0.97 Not rejected

V—PTW 0.94 Not rejected

VI—ClO2 0.81 Not rejected

Texture
The change in texture of fresh-cut endive leaves after each process
variant (Figure 2—right column) was determined directly (day
0), 1 day, and 7 days after treatment for each process extraction
point (0–5). For the texture determination, the complete head of
lettuce, except the outer leaves, was prepared for analysis and
the stem components were not removed. In texture analysis,
the required maximum force for the first breakthrough varied
between 100 and 150N, in general. The relatively large deviations
at the individual measuring points may be due to the small
sample quantity of 10 g or the mixture of hard and soft leaf
parts (Stem components were not sorted out). In comparison
to unwashed fresh-cut endive (extraction point 0) the washed
lettuce became softer, less force was needed. However, compared
to the tap water variant (I), no negative (softening) effect of PTW
(variant II to V) or ClO2 (variant VI) was observed for all process
variants at day 0 and 1 (p > α). There were moderate variations
of texture for the process variant II. A 180 s pre-bathing effected
the T [p = 0.02 (∗)] directly after the treatment on day 0. For
the process variant III (30 s pre-rinsing, p= 0.03) the texture was
effected on examination day 1. Undoubtedly, variations of texture
due to a sanitizer treatment (see chapter 2.5) have been observed
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TABLE 6 | Statistical evaluation of storage day 0.

Process variant p-value H0 hypothesis

Horizontal β evaluation

I—tap water 0.19 Not rejected

II—PTW 0.02 Rejected

III—PTW 0.74 Not rejected

IV—PTW 0.27 Not rejected

V—PTW 0.98 Not rejected

VI—ClO2 0.4 Not rejected

Vertical α evaluation

Extraction point 5 (EP5) 0.13 Not rejected

TABLE 7 | Statistical evaluation of storage day 1.

Process variant p-value H0 hypothesis

Horizontal β evaluation

I—tap water 0.48 Not rejected

II—PTW 0.41 Not rejected

III—PTW 0.03 Rejected

IV—PTW 0.31 Not rejected

V—PTW 0.43 Not rejected

VI—ClO2 0.64 Not rejected

Vertical α evaluation

Extraction point 5 (EP5) 0.39 Not rejected

TABLE 8 | Statistical evaluation of storage day 7.

Process variant p-value H0 hypothesis

Horizontal β evaluation

I—tap water 0.001 Rejected

II—PTW 0.99 Not rejected

III—PTW 0.001 Rejected

IV—PTW <0.001 Rejected

V—PTW 0.06 Not rejected

VI—ClO2 <0.001 Rejected

Vertical α evaluation

Extraction point 5 (EP5) <0.001 Rejected

on day 7. The test scenario clearly shows changes in texture,
which appear to be highly significant (p-value:<0.001 for process
variants IV and VI). The results of the statistical evaluation are
given in Tables 6–9.

Nitrate
Dietary nitrate is mainly derived from the consumption of
vegetables, in particular green leafy vegetables (29). Due to
their dietary importance, nitrate levels in fresh-cut endive were
monitored during storage (Table 10). However, the EU has
regulated the maximum levels of nitrate for fresh lettuce with
2,500-4,500mg NO3 kg−1 depending on the harvest time and
conditions (30). Since PTW, which was used to wash fresh-cut

TABLE 9 | Statistical evaluation over all storage days (day 0, 1, and 7) at EP5.

Process variant p-value H0 hypothesis

ANOVA evaluation over day 0, 1, and 7 at EP5

I—tap water 0.03 Rejected

II—PTW 0.002 Rejected

III—PTW 0.34 Not rejected

IV—PTW 0.53 Not rejected

V—PTW 0.06 Not rejected

VI—ClO2 0.25 Not rejected

endive, contained both significant concentrations of nitrite and
nitrate, it was necessary to determine whether the nitrate content
in lettuce increases after washing and exceeds acceptable limits
and guidance values. This could be an exclusion criterion for
the approval of this innovative washing method. The absorption
of nitrate may be increased by the fresh cut edges. In order
to determine the nitrate values, IC analysis was used. The IC-
samples were prepared immediately after processing (day 0) and
the nitrate content in unwashed, tap water, PTW and ClO2

washed endive were measured.
The nitrate content of unwashed endive (process variant I)

was the highest with 1,793.6± 373.7mg kg−1. Within all process
variants (I–VI) the nitrate concentration was lower compared to
unwashed lettuce. Despite the high water solubility of NO3, the
detected concentrations of nitrate in the variants I to VI were
between 377.9 ± 221.6mg NO−

3 kg−1 and 1,206.2 ± 483.8mg
NO−

3 kg−1. The concentrations are summarized in detail for each
process variant and extraction point in Table 10. For all PTW-
application points, an increased NO−

3 concentration compared
to the other extraction points was noticeable. As expected,
ClO2 did not lead to an increase in NO−

3 . In PTW variants
(II–V), the NO−

3 concentration did not increase compared to
unwashed (extraction point 0) and tap water (variant I) washed
lettuce at the final extraction point 5. Importantly, all NO−

3
concentrations were significantly below the maximum permitted
value of 2,500mg NO−

3 kg−1 for iceberg-type lettuce (2,000–
2,500mg NO−

3 kg−1) and for fresh lettuce (except iceberg-type)
of 2,500–4,500mg NO−

3 kg−1 (30).

SEM
Microscopic methods for a deeper characterization of the
influence of a PTW on lettuce were chosen. The focus of
these investigations was on the food quality of fresh-cut lettuce
mirrored by color- and texture analysis. Additionally, SEM and
AFM were used to visualize variations on the leaves surface due
to a sanitizer treatment. Especially TEM revealed insight into
the cell interior and possible changes of cell organelles can be
observed. In the texture analysis (see section Texture), only a
moderate influence (process variant II, day 0, p= 0.02) on the leaf
structure directly after washing with PTW was found. This was
confirmed by the SEM (Figure 3) and AFM (Figure 4) analysis,
were no sever, structural alterations have been observed. Overall,
the SEM analysis showed no clearly visible changes between the
samples and the unwashed reference. When washing the lettuce
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TABLE 10 | Nitrate concentrations of fresh-cut unwashed and washed endive.

Sample/process

variant

Extraction points Nitrate

concentration in

0 1 2 3 4 5

Distilled water 0.1

± 0.09

[mg l−1]

Tap water 1.6

± 0.05

[mg l−1]

PTW 2.48

± 0.56

[mg l−1]

ClO2 2.0

± 0.1

[mg l−1]

Unwashed 1,793.6

± 373.7

[mg kg−1]

I—tap water 937.0

± 750.9

758.0

± 561.6

671.8

± 478.2

907.2

± 724.6

860.9

± 647.4

[mg kg−1]

II—PTW 1,013.7

± 387.3a
811.6

± 181.7

729.1

± 710.2

635.1

± 355.7

632.6

± 350.2

[mg kg−1]

III—PTW 709.9

± 354.2a
436.7

± 319.9

377.9

± 221.6

403.3

± 257.6

[mg kg−1]

IV—PTW 509.9

± 185.9

533.9

± 174.9

1,019.0

± 489.5a
631.2

± 298.3

[mg kg−1]

V—PTW 1,134.2

± 561.4a
891.0

± 289.4a
783.7

± 556.7

1,206.2

± 483.8a
739.4

± 291.3

[mg kg−1]

VI—ClO2 380.6

± 199.2

539.4

± 274.3

552.7

± 189.3b
422.6

± 306.4

[mg kg−1]

aPTW application.
bClO2 application.

All experiments were repeated three-fold with n = 5 resulting in n = 15.

with tap water, or PTW (irrespective of the process variant)
there was no noticeable influence and intact stomata—both open
and closed—were observed in all samples (Figure 3 middle and
right column). The temperature of the water in all scenarios
was 21.5◦C ± 0.1◦C. Only after the treatment of lettuce with
ClO2, does the lettuce surface appear flatter and smoother, i.e.,
less rough and structured (Figure 3G, magnification ×100). The
stomata seemed to be less raised and, more collapsed. In the
×4,000 magnification (Figure 3G), the outer edge of the stomata
appeared somewhat attacked.

AFM
Our investigations showed results of 8–14µm for the endive
leaves in the height micrograph. The wave-like structure,
previously observed through SEM analysis, was clearly seen in
the error signal micrograph (Figure 4, left column). The slight
variations in the height profiles were probably due to the presence
of stomata in the scanned section. The slight deviations for ClO2

observed in the SEM investigations were not visible in the AFM
images. This may be due to the small scanned area in the AFM.
On the other hand, the reason could also be that the samples are
pre-treated for SEM and not for AFM. The proposed advantage
of AFM analysis is in sample preparation, where they were not
subject to dehydrating steps and were relatively natively analyzed.
AFM was proposed as a good alternative for SEM.

TEM
The TEM-analysis (Figure 5) of endive leaf tissue from
unwashed lettuce showed the typical cell organelles (31–33),
with the exception of vacuoles (Figure 5A). The absence of
vacuoles was probably an artifact of preparation. Differences
in the composition of cell organelles were not found for the
applied treatments by comparison with the unwashed reference.
However, chloroplasts in leaf tissue showed morphological
changes after washing with ClO2 (Figure 5G), particularly in the
grana the grana (stacks of thylakoid discs). An altered structure
of the thylakoid membranes was observed. TEM micrographs
of thylakoid membranes clearly revealed the drastic difference
in the thylakoid structure in ClO2 washed fresh-cut lettuce,
where the stacks in grana were attached to one another to form
large clearances. Further, the stroma thylakoids were disrupted
(Figure 5G). In contrast to the addition of ClO2 to the washing
water, the use of PTW for lettuce washing had no effect on the
grana of the chloroplasts or other organelles, regardless of the
application point of PTW (Figures 5C–F).

DISCUSSION

Food safety should always be considered in combination
with retention of food quality characteristics for approval
and adoption of emerging technologies, in order to increase
acceptance by stakeholders (industry) and consumers and
to identify the optimal process variant taking into account
individual needs.
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FIGURE 3 | Scanning electron microscopy (SEM) of the fresh-cut lettuce. For each process variant (I–VI), three magnifications are shown: left—×100,

middle—×1,000, right—×4,000. The scenarios shown are: (A) unwashed (extraction point 0), (B) tap water washed (variant I), (C) PTW washed—variant II, (D) PTW

washed—variant III, (E) PTW washed—variant IV, (F) PTW washed—variant V, and (G) ClO2 washed (variant VI).
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FIGURE 4 | Atomic force microscopy (AFM) of the fresh-cut lettuce. For each process variant (I–VI), two micrographs are shown: left—error signal/deflection

micrograph, right—height micrograph. The variants shown are: (A) unwashed (extraction point 0), (B) tap water washed (variant I), (C) PTW washed—variant II, (D)

PTW washed—variant III, (E) PTW washed—variant IV, (F) PTW washed—variant V, and (G) ClO2 washed—variant VI.
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FIGURE 5 | Transmission electron microscopy (TEM) of the ultrastructure of the fresh-cut lettuce leaf tissue. For each process variant, four micrographs are shown:

from left to right—overview of the ultrathin section, three times a detailed micrograph of the same section depicting all detected cell organelles. The process variants

shown are: (A) unwashed (extraction point 0), (B) tap water washed (variant I), (C) PTW washed—variant II, (D) PTW washed—variant III, (E) PTW washed—variant IV,

(F) PTW washed—variant V, (G) ClO2 washed—variant VI. The organelles are: nucleus (n); cytoplasm (cy); cell wall (cw); chloroplast (c); mitochondrion (m); vesicle (vs);

plastogloboli (p); peroxisome (px); membrane (mm; plasmalemma or tonoplast).
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Previous publications investigated the antimicrobial effects of
plasma processed air (PPA) and this PTW for retention of food
safety profiles using different target surfaces and microorganisms
(25, 26, 34–38). These studies addressed the decontamination
potential of PPA or PTW on microorganisms relevant for safe
shelf life extension, on the artificial and natural microbial loads of
fresh-cut lettuce, and the scalability of the plasma technology and
pilot-scale application. However, the impacts on fresh product
quality characteristics represented a research lacuna, which was
therefore the focus of the current study.

The investigations on color and texture showed only sparsely
negative influences of a PTWor ClO2 treatment, which cannot be
detected by the used ANOVA. The systematic color screening of
treated leaves revealed no statistically significant support of our
assumptions (H1-hypothesis) and the null-hypotheses cannot be
rejected for every single process variant (all p > α). On the
other hand, statistically meaningful structural changes of product
matrix of the fresh-cut endive within the storage trial of 7 days
were observed (process variant I, III, IV, and VI; p-values< 0.01).
The logical construct when the β-null hypothesis (horizontal)
and the α-null hypothesis (vertical) must be rejected states there
were structural alterations due to a sanitizer treatment, which
become obvious on day 7 for process variant I, III, IV, and VI
(p-value < 0.001). Additional, for a storage period of 7 days,
structural changes become statisticallymeaningful for the process
variant I (tap water) and the process variant II (p < 0.03).
However, since the tap water-reference showed a pronounced
alteration especially after a storage time of 7 days, changes might
attribute to ordinary aging of the biological product matrix.
Contrary, ClO2 and PTW show statistically meaningful texture
alterations after their treatment and a storage of 7 days (P
> 0.001), but distinct changes from day to day could not be
supported by statistics (p > α). A picture, which states changes
due to a sanitizer treatment, but they do not persist over the
whole storage time (p-values > α). This results in the question
if the sanitizer somehow conserves the leaves after they alter
their structural appearance in a certain way. Alternatively, the
other way around, do ClO2 and PTW trigger aging processes
in the leaves, which lead to massive structural changes after a
7-day storage period? Nevertheless, future investigations with
separated lettuce leaf components might provide insight in such
processes and support the testing of distinct hypotheses. It is
important to have statistically meaningful basic values (e.g.,
alterations in color and texture) as a basis for logical links
answering more holistic questions. Consequently, these quality
characteristics are retained using this emerging technology.

Lettuce accumulates nitrate in its leaves during its growth
(39, 40). Among the foods consumed by humans, plants represent
between 72 and 94% of daily intake of nitrate (41). Dietary
nitrate is mainly derived from the consumption of vegetables,
in particular green leafy vegetables such as rocket (4,800mg
NO−

3 kg−1) and lamb’s lettuce (2,130mg NO−

3 kg−1) (29).
However, nitrate contents in fresh-cut endive can decrease
during storage (17), due to a concomitant growth of nitrate-
metabolizing microorganisms (29, 42). If nitrate is converted to
nitrite, this can have negative health effects, as nitrite can be
a source of carcinogenic nitrosamines (43–45). Therefore, the
European Union established the maximum permissible levels

from 4,000 to 5,000mg NO−

3 kg−1 for the winter season and
3,000 to 4,000mg NO−1

3 kg−1 for the summer season (30). The
endive samples examined in all our process variants remained
within the legally prescribed nitrate values. Therefore, the use
of PTW as a washing additive maintained endive food quality
concerning the nitrate content. Further investigations about
other valuable content compounds such as vitamin C may be
also useful.

The promising results for food quality retention of color,
texture, and nitrate obtained using PTWas process water additive
were supported by the microscopic measurements based on
SEM, AFM, and TEM. For trials using tap water or PTW, there
was no significant difference noted in the influence compared
to each other and to unwashed endive samples. However,
for the application of ClO2 the thylakoid stacks seem to be
affected in TEM images, therefore the light-dependent reactions
of photosynthesis may be negatively influenced as the interval
between photosystem II complexes was expected to be larger.
Although harvested and processed lettuce no longer has to
undergo photosynthesis, it is still a living tissue, which may be
subject to an accelerated aging process due to the change. This
may not only affect the shelf life but also the quality of the tissue.
Fujii et al. (46) mentioned in their work on photo inhibition
of chloroplast genome-modified and common lettuce, that not
only were the grana altered, but also that the plastoglobuli, which
contain accumulated lipids and lipoproteins, were enlarged (46).

The use of PTW as a new washing and sanitization treatment
provides a means to extend safe shelf life while maintaining
produce food quality characteristics within regulatory guidelines.
To fulfill all requirements of a regulatory environment, further
investigations on sensory properties as well as toxicology are
necessary, notwithstanding the need to examine marketability
and cost benefit with the a product life cycle analysis.

In conclusion, the present study demonstrated that PTW
could be used as a process water agent to improve conventional
washing methods in fresh-cut processing at diverse stages of a
process line, without any impairment of the quality of fresh-cut
endive directly after treatment and during subsequent storage
for 7 days. The promising results and the advantages of PTW
including low-temperature, simple and cheap generation and
demonstrated comparability to current procedures such as tap
water rinsing and chlorinated water offer a wide range of
innovative applications.
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