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ABSTRACT
Fresh-cut produce such as lettuce may contain a very high microbial load, including
human pathogens. Therefore, the need for antimicrobial interventions at post-harvest
stages to prevent microbial growth is evident. Sanitation steps based on non-thermal
plasmas at atmospheric pressure opens up innovative food processing possibilities by
application at different points along the food chain; for production, modification and
preservation, as well as in package treatment of plant- and animal-based foods. Plasma
differs from the gaseous state of matter by a certain amount of free charge carriers caused
by ionisation processes of the gas atoms and molecules due to the supply of energy.
This PhD-thesis is based on prior publications and is focused on investigating the
antimicrobial treatment of fresh-cut lettuce by plasma treated water (PTW). The four key
publications investigated and discussed clearly the sanitation and decontamination of
bacterial suspensions and fresh-cut lettuce with artificial and native load by the two
microwave-discharge functionalised agents plasma treated air (PPA) and subsequently
PTW at lab and pilot scale. The mechanism of action and the effects on food quality had
only been hypothesised and probed in preliminary investigations. Further, the combined
antimicrobial properties of PTW and PPA remained unexplored. These identified gaps in
knowledge were investigated in a new study proposed within the framework of the PhD
thesis.
The analysis of the antimicrobial agent PTW identified three chemical components as
important for its mechanism of action on the native microbiological load of fresh-cut
lettuce: hydrogen peroxide, nitrite and nitrate. These components in conjunction with the
low pH value affected the survival, growth and metabolism of the microbial cells
strongly. Based on the observations of population vitality, viability and growth of the
native load, the PTW treatment may lead to cell death, viable but non-culturable (VBNC)
I

and detachment, with the latter being more important than expected. Interestingly, the
strong effects on the microbiological profile of the lettuce did not adversely influence
quality. In the novel work presented here, colour, texture, nitrate content and plant tissue
surface as well as organelles were not significantly affected. Finally, the combined use of
PTW and PPA for sanitation aspects resulted in innovative findings, as these
combinations can trigger antagonistic, additive and synergistic antimicrobial effects,
proving insights to successful combination of dry and liquid plasma treatments. The
antimicrobial efficacy depended strongly on the treatment conditions (power, gas volume,
gas flow, plasma temperature, working gas), treatment time and microorganism.
However, the tailing effect that is often observed for antimicrobial treatments was
overcome by the synergistic combination of PTW and PPA.
The new findings of this PhD thesis give a good insight into the possible mode of action
of plasma functionalised liquids, especially PTW, and answer the four research questions
identified in the key publications and investigated in my work partially or completely.
The findings of my work will support the optimised and successful upscaling of the PTW
decontamination of fresh-cut lettuce at industrial level. The data gained show a low risk
for food quality degradation and therefore increase the acceptance of PPA/ PTW
application within food industry and compliance on the regulatory side. Furthermore, the
innovative knowledge of synergistic effects of PTW/ PPA unlock new application
approaches and research questions, where surface disinfection and hygiene play an
important role.
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washing, post-rinsing; all steps used tap water (blue colour); B) scenario 3: 5 washing
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Figure 3: Emission spectroscopy (ES)
- An overview spectrum of the microwave discharge used. The spectrum was corrected
for relative spectrometer sensitivity. The figure is taken from Pipa, Andrasch et al. 2012.
Figure 4: Fourier-transform infrared spectroscopy (FTIR)
- Overview spectra of the microwave discharge generated PPA directly 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).
Figure 5: 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 plasma fuctionalized PTW. Based on the peak areas,
the H2O2 concentration was calculated in relation to the standard. The measurements
were repeated five times as illustrated.
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Figure 6: The chromatogram of the PTW at 220 nm.
Two clearly separated fractions are 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.
Figure 7: Proliferation assay (CFU)
– The graphs show the reduction factor (RF) of the native microbial load for each
examination point within the different scenarios (see also Figure 2) analysed by total
plate count. Each figure (A-E) includes the data for tap water and PTW/ chlorine dioxide
(ClO2) washing of the fresh-cut lettuce. All RFs are related to the unwashed lettuce as the
reference point. A) In red - scenario 3: PTW at extraction point 1 (180 s pre-bathing),
extraction points 2 to 5 with tap water; in black – tap water used at extraction points 1 to
5. B) In red - scenario 5: PTW at extraction point 2 (30 s pre-rinsing), extraction points
3 to 5 with tap water; in black – tap water used at extraction points 2 to 5. C) In red scenario 6: PTW at extraction point 4 (180 s main washing), extraction points 2, 3 and 5
with tap water; in black – tap water used at extraction points 2 to 5. D) In red - scenario
7: PTW at extraction point 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 – tap water used at extraction
points 1 to 5. E) In orange - scenario ClO2: ClO2 at concentration of 15 ppm at extraction
point 4 (180 s main washing), extraction points 2, 3 and 5 with tap water; in black – tap
water used at extraction points 2 to 5. The initial concentration was 106 to 107 cfu g-1. All
experiments were repeated threefold with n=3 resulting in n=9.
Figure 8: Metabolic activity (2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2Htetrazolium-5-carboxanilide salt (XTT) assay)
– The graphs show 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
(see also Figure 2). Each figure (A-E) includes the data for tap water and PTW/ chlorine
dioxide (ClO2) washing of the fresh-cut lettuce. All data points are related to the
unwashed lettuce (reference, extraction point 0). A) In red - scenario 3: PTW at extraction
point 1 (180 s pre-bathing), extraction points 2 to 5 with tap water; in black – tap water
used at extraction points 1 to 5. B) In red - scenario 5: PTW at extraction point 2 (30 s
pre-rinsing), extraction points 3 to 5 with tap water; in black – tap water used at
extraction points 2 to 5. C) In red - scenario 6: PTW at extraction point 4 (180 s main
washing), extraction points 2, 3 and 5 with tap water; in black – tap water used at
extraction points 2 to 5. D) In red - scenario 7: PTW at extraction point 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 – tap water used at extraction points 1 to 5. E) In orange - scenario ClO2:
ClO2 at concentration of 15 ppm at extraction point 4 (180 s main washing), extraction
points 2, 3 and 5 with tap water; in black – tap water used at extraction points 2 to 5. All
experiments were repeated threefold with n=3 resulting in n=9.
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Figure 9: Cell membrane integrity (Live/Dead 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 membranes stained
fluorescent green, whereas bacteria with damaged membranes stained fluorescent red.
Each figure (A-E) includes the data for tap water and PTW/ chlorine dioxide (ClO2)
washing of the fresh-cut lettuce (see also Figure 2). All data points were related to the
unwashed lettuce (reference, extraction point 0). A) In red - scenario 3: PTW at extraction
point 1 (180 s pre-bathing), extraction points 2 to 5 with tap water; in black – tap water
used at extraction points 1 to 5. B) In red - scenario 5: PTW at extraction point 2 (30 s
pre-rinsing), extraction points 3 to 5 with tap water; in black – tap water used at
extraction points 2 to 5. C) In red - scenario 6: PTW at extraction point 4 (180 s main
washing), extraction points 2, 3 and 5 with tap water; in black – tap water used at
extraction points 2 to 5. D) In red - scenario 7: PTW at extraction point 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 – tap water used at extraction points 1 to 5. E) In orange - scenario ClO2:
ClO2 at concentration of 15 ppm at extraction point 4 (180 s main washing), extraction
points 2, 3 and 5 with tap water; in black – tap water used at extraction points 2 to 5. All
experiments were repeated threefold with n=3 resulting in n=9.
Figure 10: Proposed mechanism of action of PTW based on reactive oxygen species
(ROS) with Gram-negative and Gram-positive bacteria.
Figure 11: Colour (A) and texture (B) measurements of unwashed and washed freshcut lettuce. The Chroma value was detected for colour and the maximal force for texture.
The experiments were repeated 3 times with n=5. Which finally resulted in n=15. For
texture, 10 g of the fresh- cut lettuce was used. Stem components were not removed.
Figure 12: Ion chromatography (IC) for the detection of nitrate and nitrite in fresh-cut
lettuce after washing.
A) used blanks: distilled water and tap water; B) unwashed, tap water washed and PTW
(scenario 3) washed lettuce; C) unwashed, tap water washed and PTW (scenario 5)
washed lettuce; D) unwashed, tap water washed and PTW (scenario 6) washed lettuce;
E) unwashed, tap water washed and PTW (scenario 7) washed lettuce; F) unwashed, tap
water washed and ClO2 washed lettuce. N=3.
Figure 13: Scanning electron microscopy (SEM) of the fresh-cut lettuce (butterhead)
unwashed and washed with tap water, PTW or ClO2. For each scenario, three
magnifications are shown: left – x100, middle – x1000, right – x4000. The scenarios
shown are: A) unwashed, B) tap water washed, C) PTW washed – scenario 3, D) PTW
washed – scenario 5, E) PTW washed – scenario 6, F) PTW washed – scenario 7, G)
ClO2 washed.
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Figure 14: Atomic force microscopy (AFM) of the fresh-cut lettuce (butterhead)
unwashed and washed with tap water, PTW or ClO2. For each scenario, two micrographs
are shown: left – error signal/ deflection micrograph, right – height micrograph. The
scenarios shown are: A) unwashed, B) tap water washed, C) PTW washed – scenario 3,
D) PTW washed – scenario 5, E) PTW washed – scenario 6, F) PTW washed – scenario
7, G) ClO2 washed. The micrographs are recorded in contact mode with a set point at 15
nN, a line rate of 0.08 Hz and by a 90 x 90 µm² scan width. The error signal/ deflection
micrograph shows the bending of the cantilever and it is plotted against its xy-position.
The height micrograph shows the vertical (z) and horizontal (xy) movement of the piezo
scanner. It shows the exact topographic height differences on the sample surface.
Figure 15: Transmission electron microscopy (TEM)
of the ultrastructure of the fresh-cut lettuce leaf tissue unwashed and washed with tap
water, PTW or ClO2. For each scenario, four micrographs are shown: from left to right
– overview of the ultrathin section, 3 times a detailed micrograph of the same section
depicting all detected cell organelles. The scenarios shown are: A) unwashed, B) tap
water washed, C) PTW washed – scenario 3, D) PTW washed – scenario 5, E) PTW
washed – scenario 6, F) PTW washed – scenario 7, G) ClO2 washed. 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).

Tables
Table 1:
The table shows the calculated p-values for the different PTW and ClO2 scenarios
(Figure 2 B to F) compared to tap water washing (Figure 2 A). The p-values are given
for examination point 5 for colour and texture analyses.
Table 2 (see also Figure 12):
Nitrite and nitrate concentrations of fresh-cut unwashed and washed lettuce by ICmeasurements. The lettuce was washed with tap water in four different PTW-scenarios
or ClO2.
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1. OVERARCHING CRITICAL DOCUMENT
The scientific work presented in my PhD thesis is based on four key publications and
their scientific experiments and findings. These address the key drivers of my work – how
can non-thermal plasma technology be reliably employed for food safety, shelf-life
extension and innovation?
1. Plasma treated water (PTW) is used at lab scale size to inactivate microorganisms
in suspension (chapter 3): 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. Agricult. Res. 2 (2016), p. 212-224.
2. Plasma treated water (PTW) is used at lab scale size for fresh-cut lettuce sanitation
(chapter 4): 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). Modern
Agricult. Sci. Technol. 1 (2015) , p. 23-39
3. Plasma treated water (PTW) is used at pilot scale size for fresh-cut lettuce
sanitation (chapter 5): Schnabel, U.; Andrasch, M.; Stachowiak, J.; Weit, C.;
Weihe, T.; Schmidt, C.; Muranyi, P.; Schlüter, O.; Ehlbeck, J.: Sanitation of freshcut endive lettuce by plasma processed tap water (PPtW) – Up-scaling to
industrial level. DOI: https://doi.org/10.1016/j.ifset.2017.11.014. Innov. Food
Sci. Emerg. Technol. 53 (2019), pp. 45-55.

1

4. Plasma processed air (PPA) is used at lab scale size for fresh-cut lettuce sanitation
(chapter 6): Schnabel, U.; Schmidt, C.; Stachowiak, J.; Bösel, A.; Andrasch, M.;
Ehlbeck, J.: Plasma processed air for biological decontamination of PET and fresh
plant tissue. DOI:10.1002/ppap.201600057. Plasma Process. Polym. 15 (2018),
p. e1600057.
These key publications showed that it is possible to use a unique microwave driven
discharge developed at the Leibniz Institute for Plasma Science and Technology
(Greifswald, Germany) to generate PPA (plasma processed air) and PTW (plasma
treated water, formerly PPW – plasma processed water) at lab scale. It was also shown
that these two antimicrobially effective agents could be used to inactivate different
microorganisms on a range of artificial and natural surfaces, including fresh-cut lettuce.
The upscaling process for the investigated plasma device was realised. Moreover, it was
possible to generate PTW in large volumes usable within lettuce washing lines that
retained a significant antimicrobial effect for lettuce sanitation in the pilot scale
experiments.
Summarising these publications, some questions are proposed: Why is it relevant to
investigate the improvement/ optimisation of the washing of fresh food, in particular
fresh-cut lettuce? Moreover, why are we exploring alternative and innovative
technologies/methods for better antimicrobial efficacy against the microbial load on
fresh-cut lettuce?
Fresh and fresh-cut produce have a limited shelf life of several days, which limits
distribution range and time. The limited shelf life and the associated losses of fresh
produce have various causes, 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
2

greens, potatoes, tomatoes, sprouts, berries) are frequently implicated. The U.S. Food and
Drug Administration (FDA) listed these under the ten riskiest foods in their Center for
Science in the Public Interest (CSPI) Report 2009, with leafy greens at the top (CSPI
2009). Recently, the United States Department of Agriculture (USDA) and the Centers
for Diseases Control and Prevention (CDC) recalled lettuce products due to possible
Escherichia coli O158:H7 contamination (CDC 2019, USDA 2019). In November 2017
until January 2018, a large outbreak due to E. coli contaminated leafy greens in the USA
and in Canada was recognised, including hospitalisation and death (FoodSafety magazine
2018). The European Food Safety Authority (EFSA) described in their most recent
zoonoses report 5,079 reported foodborne outbreaks (including waterborne ones) for
2017 with more than 300,000 confirmed human cases (EFSA 2018). Amongst others, the
outbreaks were caused by Campylobacter (almost 70 % of all reported zoonoses),
Salmonella, Shiga toxin-producing E. coli (STEC infections) and Listeria. Listeriosis was
the zoonosis with the highest hospitalization and mortality. Listeria and STEC
contaminations are reported not only for dairy, fish and meat products, but also for
vegetables and fruits including RTE (ready-to-eat) food. In 2017, the second highest
occurrence of L. monocytogenes was in RTE salads with 4.2 %. STEC was also found for
vegetables and fruits including RTE salads.
The impact of foodborne diseases on the health of consumers and the reputation of the
food manufacturers can be remarkable and results often in direct and indirect
consequences, costs and losses. Sporadic presence of pathogens on fresh produce
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 sanitation in the production and processing of fresh produce exists that
can preserve the nutritional advantages.

Conventional methods of cleaning and

decontamination of fresh food are based on heating, pasteurisation, cooling and freezing
3

or rinsing with water. Some of these methods rely on lethal heat treatment such as steam
pasteurisation, autoclaving, ohmic heating, etc., where thermal technologies have side
effects on nutritional, sensory and functional properties of the treated foods. Freezing is
an important processing method for imported fruits and vegetables especially berries. For
example, 95 % of the raspberries produced in Serbia, one of the main raspberry producers
in the world and the main exporter to the EU, are frozen (Paraušić and Simeunović 2016).
This technology used for extending the shelf life of berries is not able to reduce the
microbial load, which occurs during harvest and growing steps before. During processing
and consumption of the fruits, these contaminations can break out and cause foodborne
illnesses. For example, Salmonella has the capability to survive freezing (Jay 2004), and
it has been shown that Salmonella survived on frozen whole strawberries (Knudsen,
Yamamoto et al. 2001) as well as in juices and purées of strawberries (Duan and Zhao
2009; Huang, Ye et al. 2013).
Therefore, 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 (Matthews 2006). Alternative non-thermal sanitation methods with
chemical sanitisers like ozone, chlorine, electrolysed water and peracetic acid or physical
treatments such as high hydrostatic pressure, pulsed electric field, oscillating magnetic
field, UV- or gamma irradiation and high-power ultrasound have been developed and
studied in recent years (Biazotto Bachelli, Álvares Amaral et al. 2013; Issa-Zachria,
Kamitani et al. 2010; Baier, Görgen et al. 2014). These processes retain quality of foods
better than conventional methods; however, they have their own drawbacks. They are
costly, require specialised equipment as well as trained staff, are either not fully harmless
for consumers or could not achieve the desired success or even negatively affected the
produce quality (Baier, Görgen et al. 2014). Moreover, consumer acceptance and safety
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issues should be considered (Yun, Kim et al. 2010). The FDA (Food and Drug
Administration of the United States) approved the use of sodium hypochlorite, chlorine
dioxide, hydrogen peroxide, peracetic acid and ozone as sanitisers for fresh and minimally
processed fruits and vegetables (FDA 2002; Rico, Martin-Diana et al. 2007).
Sanitisation with chlorine products has been intensively used in the food industry
(Francis, O’Beirne et al. 2002). However, increasing public health concerns in terms of
the possible formation of chlorinated organic compounds such as chloramines and
trihalomethanes have raised doubts for the use of chlorine, especially by the fresh-cut
industry (Singh, Singh et al. 2002; Ölmez, Kretzschamr 2009). Trihalomethanes were
classified as possible human carcinogens by the United States Environmental Protection
Agency (EPA) (Kim, Hung et al. 2000). Furthermore, the prolonged exposure to chlorine
vapours could result in irritation to the skin and respiratory tract of workers (Beuchart,
Nail et al. 1998). The safety and efficacy of chlorine might eventually be the reason for
the implementation of restrictions by regulatory agencies in the USA (Sapers 2001).
Some European countries, including Germany, the Netherlands, Switzerland and Belgium
prohibited the use of chlorine in convenience produce (Nguyen-the, Carlin 1994). In some
countries, also the use of sodium hypochlorite is restricted.
Ozone can be used as a sanitiser in the form of a gas or dissolved in water. When ozone
is utilised as a gas, the length of exposition is longer (1-4 h) than ozone dissolved in water
(1-10 minutes) (Carletti, Botondi et al. 2013). In the 1990s, Japan, France and Australia
permitted the use of ozone in the food industry and the FDA declared ozone as a Generally
Recognized As Safe product (GRAS) (Carletti, Botondi et al. 2013; Habibi Najafi,
Haddad Khodaparast 2009). Later the U.S. regulation was modified to allow the use of
both aqueous and gaseous phases in food treatment, conservation and transformation
(Carletti, Botondi et al. 2013). Treatments of vegetables and fruits showed a considerable
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decrease in mold and bacterial counts without causing any change in their chemical
composition and sensory quality (Song, Fan et al. 2000; Palou, Crisosto et al. 2002).
Fresh-cut lettuce, washed with ozonised water and packed in ozone, showed an extension
of shelf life (Zambuchini, Giosia et al. 2006). Although ozone is an efficient sanitiser, it
has some limitations when used on food. Moreover, due to its short life span, ozone must
be generated on site, as storage is not possible (Sharma 2005). Ozone is a highly instable
and corrosive gas. In addition, low doses of ozone, which can inactivate pure microbial
cultures, can be inefficient against viruses, spores and cysts.
In recent years, acidic electrolysed water has been investigated as one of the advanced
technologies for non-thermal food processing. This technology was approved as a food
additive by Japan and the USA more than 10 years ago (Rahman, Khan et al. 2016; Park,
Hung et al. 2002). Many scientific studies have confirmed the strong antimicrobial effect
against most viable bacteria cells, pathogenic and non-pathogenic bacteria and spores,
viruses and fungi both in vitro and on different food and agricultural produces (fruits and
vegetable surfaces) (Nakajima, Nakano et al. 2004; Park, Hung et al. 2004; Deza, Aranjo
et al. 2003; Sharma, Demirci 2003; Kim, Hung et al. 2000a). Acidic electrolysed water
has many advantages, especially over chlorine sanitisers. It impacts the environment less
adversely, because it is environment friendly as it is generated by the electrolysis of water
and a dilute salt solution (Koseki, Yoshida et al. 2004; Park, Hung et al. 2002; Koseki,
Fujiwara et al. 2002; Kim, Hung et al. 2000a). It is more effective, less dangerous and
less expensive than most traditional preservation methods such as glutaraldehyde
(Sakurai, Nakatsu et al. 2003; Sakurai, Ogoshi et al. 2002), sodium hypochlorite and
acetic acid (Ayebah, Hung et al. 2005). The main disadvantage of acidic electrolysed
water is the rapid loss of its antimicrobial activity in a short time because of chlorine loss
(Koseki, Isobe 2007; Koseki, Itoh 2001).
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Peracetic acid (PAA), a strong oxidizing agent, is considered to have a stronger biocidal
effect than hydrogen peroxide (H2O2), especially at low concentrations (Hellstrom et al.
2006; Beuchat, Adler et al. 2004; Block 2001). Similar to H2O2, PAA can penetrate the
cell wall as well as cell membrane and denature proteins and enzymes. The increased cell
wall permeability by disrupting sulfhydryl ( SH) and sulphur (S S) bonds may lead to
microbial cell death (Block 2001; Evans 2000; Baldry, Fraser 1988). PAA was patented
in 1950 to treat fruits and vegetables for sanitation aspects; however, its use in food
industry applications has only increased in recent years (Gawande, Dhotre et al. 2013;
Greenspan, Margulies 1950). PAA is further used for the disinfection of washing water
(Lokkesmoe, Olson 1993). The FDA approved PAA for direct food contact, for use in
washing water or to assist in the peeling of fruits and vegetables. PPA is commonly used
in concentrations of 80 ppm for washing water used for fruits and vegetables
(21 CFR 173.315). For food contact, surfaces up to 200 ppm are allowed
(21 CFR 178.1010). Short contact times of 1 minute can provide up to 5 log10 reduction
(Gawande, Dhotre et al. 2013). PAA has many advantages in comparison to
chlorine-based or H2O2-based disinfectants, however, limitations are also given by its
irradiation to skin, eyes and the respiratory system of the operators. It can be highly
explosive and is not compatible with chlorine (Gawande, Dhotre et al. 2013).
A promising physical approach is the application of non-thermal plasma (NTP) generated
at atmospheric pressure (Bourke, Ziuzina et al. 2018; Schlüter, Ehlbeck et al. 2013).
Plasmas are ionised gases containing neutral particles and free charged particles such as
ions and electrons (Kogelschatz 2004; Compton, Langmuir 1930). The application of
non- thermal atmospheric pressure plasma is an innovative discipline receiving increasing
attention in the field of food processing and an emerging non-thermal technology for
reducing microbial load on the surface of fresh and processed foods. Thus, the potential
applications of NTP for the food industry are manifold and it has specific potential for
7

the treatment of foods (Pankaj, Bueno-Ferrer et al. 2014; Afshari, Hosseini 2012; Niemira
2012). Dry decontamination of food surfaces, granular and particulate foods, and sprouted
seeds could be achieved. Furthermore, the surface of packaging material could be
sterilised (Misra, Tiwari et al. 2011; Tendero, Tixier et al. 2006; Kogelschatz 2004). 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 (Afshari, Hosseini 2012; Deng, Ruan et al. 2007). NTP is also suitable for
processes, in which high temperatures are not recommended (Nehra, Kumar et al. 2008;
Tendero, Tixier et al. 2006). In food processing, the direct 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). For applications in the food sector, preference should be given to processes
carried out at atmospheric pressure because they allow continuous process control and do
not accelerate undesirable phase transitions, compared to applications at reduced pressure
(p < 1013 mbar) or low pressure (p < 10 mbar) (Schlüter, Ehlbeck et al. 2013). The
washing of fresh-cut lettuce is done with water. Therefore, the antimicrobial active agents
should be soluble in water and plasma functionalised liquids provide a potential
alternative. The PTW used in this study was functionalised by exposure to plasma
processed air (PPA). The antimicrobial long-lived chemical compounds are generated by
the plasma using air and energy, transferred by the PPA to the water and result in the
functionalised PTW. PTW may provide many advantages such as the avoidance of
dehydration effects, working with defined doses, storability and on-demand generation
compared to direct plasma treatment. PTW can be used as transport medium of
antimicrobial components for food and surface sanitation. Furthermore, the application
of liquids can introduce higher sheer forces than gases, which may increase the cleaning
effect. Previous publications investigated the antimicrobial effects of PPA and PTW for
different surfaces, microorganisms and research questions (Niquet, Böhm et al. 2018;
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Schnabel, Niquet et al. 2015; Schnabel, Andrasch et al. 2014; Schnabel, Niquet et al.
2012; Ehlbeck, Schnabel et al. 2011).
The four key publications address the decontamination potential of PPA and 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 pilotscale application. The results of the experiments carried out showed the possibility of
inactivation of bacterial suspensions, of artificial load on lettuce tissue and the
decontamination of fresh-cut lettuce at up-scaled trials by PTW. Dependent factors were
bacterial strain and pre- and post-treatment time that offer individual treatment windows
for each bacterial target and application. Further, the decontamination of fresh lettuce
tissue by PPA was realised. Although, the key publications in this thesis are based on
numerous experiments and data, some gaps in understanding were identified with
research questions posed that would address understanding of PPA/ PTW mechanism of
action on bacteria in suspension or on fresh-cut lettuce.
With the extensive chemical characterisation of the two antimicrobial active agents PPA
and PTW, a more detailed interpretation for the biological response of the formerly
investigated bacteria will be possible.
 What is the predominant chemical composition of PPA and PTW?
The investigations about VBNC status of these bacteria after PTW treatment will be
important for questions about food safety.
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 Does the possibility of the microorganisms to switch to VBNC status play a role
during inactivation?
The effects on food quality will be further explored using nitrite, nitrate, texture, AFM
and TEM analyses. These observations could address and enhance acceptance of PPA/
PTW application within the food industry and on regulatory side.
 Is the food quality compromised by an antimicrobially effective PTW treatment?
Finally, the possible synergistic effects of PPA and PTW treatment on microorganisms
support the identification of future plasma applications e.g. Cleaning in Place/
Sterilisation in Place (CIP/SIP) applications.
 Is it useful and feasible to use PTW in combination with PPA leading to
synergistic or additive effects?
The additional research activities within my PhD thesis should overcome these identified
research gaps to guarantee a secure application of this innovative technology by
furthering knowledge of the chemical composition of the used PPA and PTW and by
investigating the antimicrobial effects of PTW on the native load of fresh-cut lettuce in
more details with a strong focus on maintaining the food quality.
1.1

Plasma source, PPA generation, PTW functionalisation

The plasma source used was a unique microwave driven discharge (MW) developed at
INP. The use of a MW for such research is singular, as most comparable international
research in the agriculture-plasma area uses plasma jets or DBDs (Dielectric Barrier
Discharge).
The two-stage MW (2.45 GHz) is based on the single-stage plasma torch PLexc
(Krohmann, Neumann et al. 2005). PLexc has a stable self-igniting ability. In the second
stage, additional microwave energy is supplied. In this way, the effluent is reignited to an
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active plasma and an increased gas throughput and stable operation conditions were
realised. The first stage uses 1.3 kW and the second one uses 3.0 kW. This excites 12 slm
(standard litres per minute) and 60 slm of compressed air, respectively. This plasma
device itself and its integration into the complete supply unit (ADU – Auxiliary
Decontamination Unit) for PPA is depicted in Schnabel, Andrasch et al. 2019. The
generated PPA is used to functionalise water. This leads to the so-called PTW. The term
PTW is used for functionalised distilled and tap water. Generally, distilled water is used
in all lab-scale experiments to have defined conditions to ensure the comparability of the
results with internal and external experiments. Tap water is used in the pilot-scale
experiments, as it is easier to provide in large amounts of thousands of litres. For the
lab-scale experiments, the distilled water was functionalised by PPA in 1- litre glass bottle
as described in Schnabel, Andrasch et al. 2019; Schnabel, Handorf et al. 2019; Schnabel,
Niquet et al. 2016 and Schnabel, Sydow et al. 2015. However, for the lab-scale
experiments presented in my PhD thesis, higher volumes of PTW were needed.
Therefore, the PTW was functionalised by PPA inside a tumbler (Figure 1) to have the
possibility to treat 1 to maximum 10 litres of water at the same time. The up-scaled
volumes of PTW for the pilot-scale trials were functionalised in Intermediate Bulk
Containers (IBCs) to have a standardised and realistic volume compared to common
treatments of fresh-cut lettuce in washing lines (Schnabel, Andrasch et al. 2019).
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Figure 1: Larger lab-scale plasma functionalised water setup used in PhD thesis. The
supply unit including the plasma source on the left (A) is connected via a tube to the
tumbler (B) containing the water. As a result, plasma processed air (PPA) is used to
functionalise up to 10 litres of water to plasma treated water (PTW).

1.2

Produce washing line and investigated scenarios

A typical washing line for fresh-cut lettuce consists of four steps – pre-rinsing, prewashing, main washing and post-rinsing. Depending on the scenario for the investigations
done in Schnabel, Andrasch et al. 2019 and in this PhD thesis, a further step was included
called pre-bathing. This step can be used for whole lettuce heads or cut lettuce. It should
remove the coarse dirt. After each washing step, lettuce can be extracted for examination;
this is called extraction point (1 to 5). Unwashed lettuce was examined at extraction
point 0 (reference).
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Figure 2: Fresh lettuce process scenarios. A) tap water scenario: 5 washing steps – prebathing, pre-rinsing, pre-washing, main washing, post-rinsing; all steps used tap water
(blue colour); B) scenario 3: 5 washing steps – pre-bathing, pre-rinsing, pre-washing,
main washing, post-rinsing; pre-bathing was done with PTW (pink colour), all other steps
used tap water (blue colour); C) scenario 7: 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 colour), all other steps used tap water (blue colour); D)
scenario 5: 4 washing steps – pre-rinsing, pre-washing, main washing, post-rinsing; prerinsing was done with PTW (pink colour), all other steps used tap water (blue colour);
E) scenario 6: 4 washing steps – pre-rinsing, pre-washing, main washing, post-rinsing;
main washing was done with PTW (pink colour), all other steps used tap water (blue
colour); F) scenario ClO2: 4 washing steps – pre-rinsing, pre-washing, main washing,
post-rinsing; main washing was done with ClO2 in 15 mg/ l concentration (yellow colour),
all other steps used tap water (blue colour). The washing times for pre-bathing, prewashing and main washing were 180 s and the washing times for pre- and post-rinsing
were 30 s.
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This dirt can accelerate the breakdown process of oxidative species trough scavenging
and therefore, have a negative effect on the purpose of release and inactivation of
microorganisms from the produce surface. The washing scenarios used within my PhD
thesis are the same as in the pilot-scale trials (Schnabel, Andrasch et al. 2019). In addition,
the pilot-scale scenarios 1 and 4 were excluded and instead, a scenario with chlorine
dioxide (ClO2) was included to have a direct comparison to an already industrial used
sanitation method for fresh-cut lettuce. The scenarios are illustrated in Figure 2. The tap
water scenario within this PhD-thesis was also investigated in the key publication
Schnabel, Andrasch et al. (2019). Within this key publication, the scenario was called
scenario 2. As reference, unwashed fresh-cut lettuce was used.
1.3

Sample preparation

The lettuce (butterhead and endive) was bought at local organic markets and stored a
maximum time of 24 h at 4 °C before use. For investigations of microbial proliferation,
metabolic

activity

(2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide salt (XTT)) and Live/Dead™ assays (see Chapter 2.4 to 2.6) and food
quality experiments such as colour, texture and nitrite/nitrate measurements (see
Chapter 2.7 to 2.9) the lettuce was cut before tap water, PTW or ClO2-washing. In the
case of the microscopy analysis, the lettuce was washed first and then cut to the required
size (see Chapter 2.10 to 2.12).

1.4

Investigations concerning the four key questions

The following text describes the main research areas identified for the additional work
proposed within the PhD thesis. Their results are presented and discussed below.
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1.4.1 Does the functionalisation of PTW by PPA lead to chemical components
with possible biocidal effects?
To characterise the chemical composition of the PPA and the PTW in detail, emission
spectroscopy (ES, measurements are described in Pipa, Andrasch et al. 2012) and Fouriertransform infrared spectroscopy (FTIR, see Chapter 2.1) were used to analyse the
chemical components of the plasma itself and the PPA directly before it is exposed to the
water.
1.4.1.1 Chemical composition of PPA
Using ES analysis of the plasma (methodology described in Pipa, Andrasch et al. 2012),
nitrogen monoxide radical (·NO), nitronium cation (NO2+) as well as hydroxide anion
(OH-) were detected as the main species (Figure 3). 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 is not the case, yet, the PPA generated by
the microwave plasma was additionally analysed by FTIR (methodology, see Chapter
2.1) to obtain results that are more detailed.
FTIR was acquired directly before the contact point of the PPA with the water,
approximately 150 cm away from the plasma. During the FTIR-measurements, no water
was present for functionalisation by the PPA. The results of the FTIR analysis are shown
in Figure 4. The main components in the PPA at this site are nitrogen monoxide radicals
(·NO), nitrogen dioxide radicals (·NO2) and water (H2O). Apart from the relatively high
water content, ·NO and ·NO2 were to be expected based on the ES results. In addition,
low concentrations of H2O2, nitrous acid (HNO2), nitric acid (HNO3) and dinitrogen
pentoxide (N2O5) were also detected, which is not surprising. ·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).
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Theoretically, no new findings from this measurement were expected, the composition is
in accordance with data from the literature (Drost 1980). 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 is significantly lower than expected at ~ 3‰ (per thousand).
One possible explanation is the uneven temperature distribution in the microwave plasma
of the plasma source used. According to Drost (1980) the maximal ·NO generation takes
place at 3,500 K and reaches a concentration of 8 %. Although the microwave discharge
PLexc2 achieves such high temperatures in the core of the active plasma zone, the plasma
temperature decreases significantly towards the edges of the plasma source. Due to the
ceramic lining, the temperature close to the walls can be estimated to be < 2,000 K. Due
to the high temperature and the ideal gas law, the particle density decreases with
increasing temperature. Therefore, only a portion of the gas molecules can enter the hot
temperature region of the plasma and can be efficiently converted into ·NO.
The significantly lower concentrations of nitrogen monoxide measured in FTIR compared
to the literature data can be explained by the steep profile of ·NO-generation efficiency
over temperature in combination with the sharp temperature profile of the plasma.
Furthermore, ·NO is oxidised to ·NO2 almost simultaneously under the influence of
oxygen (O2) and other oxidisers.
The information confirmed and newly obtained by ES- and FTIR-measurements allow an
expectation of the chemical spectrum to be found in PTW. Apart from H2O2, only reactive
nitrogen species (RNS) are expected. Therefore, the analyses, used for the investigation
of the chemical composition of PTW, could be appropriately selected.
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Figure 3: Emission spectroscopy (ES) - An overview spectrum of the microwave
discharge used. The spectrum was corrected for relative spectrometer sensitivity. The
figure is taken from Pipa, Andrasch et al. 2012.

Figure 4: Fourier-transform infrared spectroscopy (FTIR, see Chapter 2.1) - Overview
spectra of the microwave discharge generated PPA directly 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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1.4.1.2 Chemical composition of PTW
The detailed analyses of the PTW were done by measuring the pH value, by using
chronoamperometry (see Chapter 2.3) to measure the concentration of H2O2 and by using
ion chromatography (see Chapter 2.2) to measure the concentration of nitrite and nitrate.
The measured pH value of the distilled water used was typically between pH 5.4 and 5.7.
The typical range of the pH value of the used PTW was 1.5 to 1.7. This pH value was
determined as highly antimicrobial in former investigations (Schnabel, Niquet et al.
2016). As the FTIR-measurements detected a very low concentration of H2O2, a very well
known antimicrobial agent (Boateng, Price et al. 2011; Juven, Pierson 1996), the method
of chronoamperometry was chosen for detection of H2O2 in PTW. The advantage of this
method is the unequivocal proof of H2O2 by the specific reaction with Prussian blue
compared to titanium (IV) oxysulfate. The results of the chronoamperometry are shown
in Figure 5. 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
concentrations detected for PTW.
The cyclic voltammogram, shown in Figure 5 A, has the typical pattern for Prussian
blue/carbon chip electrodes. In Figure 5 B, 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 PTW were compared to 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 would not be solely responsible for the observed antimicrobial
effects of PTW. H2O2 is a widely used disinfectant due to its oxidising effect.
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Figure 5: Chronoamperometry (see Chapter 2.3) – 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 plasma
functionalised PTW. Based on the peak areas, the H2O2 concentration was calculated in
relation to the standard. The measurements were repeated five times as illustrated.

Commonly, a 3 % (882 mM) to 6 % (1764 mM) solution is used (Linley, Denyer
et al. 2012). Its broad spectrum of use includes disinfections of wounds, packaging
material during aseptic filling, and drinking water. It is a component of contact lens
solutions and dental disinfectant formulations. H2O2 has a strong antimicrobial effect at
high concentrations, but needs long exposure times at lower concentrations. Anaerobic
microorganisms are more sensitive than aerobic ones (Block 2001). Concerning the
structure of the bacterial cell wall, Gram-positive bacteria are more affected than
Gram-negative ones. However, Gram-positive bacteria have catalase and peroxidase
proteins to increase their tolerance against H2O2 at lower concentrations (McDonnell,
Russell 1999). Yeast and molds are in most cases more resistant to H2O2 than bacteria
(Block 2001). To increase the antimicrobial effect of H2O2, the treatment environment
should be at a low pH as an alkaline environment can decompose H2O2 rapidly
(Wallhäuser 1995). H2O2 is known to produce hydroxyl radicals (·OH). The strong
oxidising potential of H2O2 can lead to the destruction of cell components like
oxidation-sensitive metabolic enzymes. Subsequently, this may be followed by oxidation
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of structural elements with sulfhydryl groups or disulphide bridges. As a result, these
structures lose their functionality and the cell metabolism collapses. H2O2 may also cause
lipid peroxidation of membranes or react with the deoxyribonucleic acid (DNA), which
can result in DNA nicking, strand breaks or point mutations (Santoro, Thiele et al. 1997;
Luo, Han et al. 1994). The observed concentration of H2O2 within this study cannot be
excluded as one of the antimicrobial active components in PTW. Further, the low pH of
the PTW supports the biocidal effect of H2O2. However, in comparison to the
concentration of RNS (nitrite and nitrate) generated in PTW, it is likely that the effects of
the ROS (H2O2) have a supporting rather than primary antimicrobial function. H2O2 is the
least reactive molecule among ROS, stable and highly diffusible (Ozcan, Ogun 2015). It
can cross plasma membranes easily (Figure 10). In reaction with nitrite, H2O2 may react
to peroxynitrite (ONOO-). The superoxide anion (O2·-), the most common ROS, can be a
source for H2O2 and may react with ·NO also to ONOO-. This RNS (ONOO-) can react
to nitrate (NO3-), which crosses the cell envelope by porines. Within the cytoplasm, NO3is reduced to nitrite (NO2-) by nitrate reductase and NO2- is subsequently reduced to ·NO
by nitrite reductase. Commonly ·NO does not influence the DNA, however, at aerobic
conditions (H2O2, O2·-) it may cause DNA strand breakage (Torres, Simon et al. 2016;
Vázquez-Torres; Bäumler 2016; Shiva 2013; Cammack, Joannou et al. 1999; Chan, Xing
et al. 1992; Shank, Silliker et al. 1962).
The principal detected antimicrobial components of the PPA by FTIR-measurements
were ·NO and ·NO2. Therefore, ion chromatography (IC) was used to detect nitrite (NO2-)
and nitrate (NO3-) in the PTW. In literature, many analyses of nitrite and nitrate in plasma
treated water are reported (Wang, Yu et al. 2017). However, these often employ
quantifications on photometrical determined azo dyes. This may lead to false positive or
negative results. In addition, photometric methods represent an indirect detection method;
therefore, direct detection methods are preferable. The commercially available test kits
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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 nitrite and nitrate
analyses were done with IC (see Chapter 2.2) as both very low and very high
concentrations are detectable and no dilution is required. The columns used in IC were
specific for nitrite and nitrate and the samples of PPA- functionalised PTW were used
directly after treatment. The results for IC measurements are illustrated in Figure 6. As
reference, distilled water was analysed.

Figure 6: The chromatogram of the PTW at 220 nm. Two clearly separated fractions are
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.

Traces of chlorine ions (Cl-), nitrite (NO2-), phosphate (PO43-) and sulphate (SO42-) were
found in the distilled water investigated. Only the concentration of nitrate (NO3-) was
slightly elevated at 0.42 mg l-1. In contrast, the PTW contained clearly increased nitrite
and nitrate values, 687 mg l-1 NO2- and 1,227 mg l-1 NO3-, respectively. Further ions that
are assigned to RNS (reactive nitrogen species) and are considered as antimicrobial, such
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as peroxynitrite (ONOO-), were not detected. It can therefore be assumed that the
antimicrobial effect of PTW can be caused by only NO2- and NO3- in combination with a
pH < 2, as well as a low concentration of H2O2. In order to realise a separation of NO3and ONOO-, a buffer with acetonitrile was used (Handorf, Below et al. 2019). With
acetonitrile-free buffers, the NO3- peak cloud be strongly positively changed by the
superimposed ONOO-. The investigated PTW clearly did not contain any ONOO-.

Chemical reactions of ROS and RNS are very complex in plasma-functionalised water
(Traylor, Pavlovich et al. 2011). The antimicrobial properties of high concentrations of
NO2- and NO3- in an acidic environment are well described in literature (Oehmigen,
Winter et al. 2011; Naïtali, Kamgang-Youbi et al. 2010). The inhibition of the antioxidant
pathways, the damage of membrane protein repair chaperones and DNA repair cascades
by reactive nitrogen and oxygen species may lead to microbial inactivation (Vatansever,
de Melo et al. 2013; Pomposiello, Demple 2002). High concentrations of NO2- in
combination with H2O2 play a key role in the microbial inactivation by PTW (Shaw,
Kumar et al. 2018; Shen, Tian et al. 2016). Both chemicals can form peroxynitric acid
(O2NOOH), which subsequently lead to the formation of superoxide (O2·-) (Shaw, Kumar
et al. 2018; Ikawa, Tani et al. 2016). O2·- is among other ROS significant for bacterial
inactivation (Zhang, Liang et al. 2013; Traylor, Pavlovich et al. 2011). ONOO-, which
can be produced by H2O2 and nitrous acid (HNO2), is also responsible for the inactivation
of microorganisms (Lukes, Dolezalova et al. 2014). However, this molecule was not
detected in the PTW used in the current study.
The identified chemical composition of PTW might give new insights into the mechanism
of action of PTW against microorganisms based on RNS. However, microorganisms,
especially under aerobic conditions, are constitutively exposed to oxidative and
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nitrosative stresses. Indeed, bacteria produce ROS and RNS as a natural by-product
during their metabolic activity (Vatansever, de Melo et al. 2013). Therefore,
microorganisms have defence mechanisms like superoxide dismutase (SOD) and
catalase, which dismutase O2·- to H2O2 and H2O2 to water (H2O) and oxygen (O2).
Furthermore, bacteria have different enzymes, which are called nitrate reductases and are
able to utilise NO3- as a nitrogen source or use NO3- as an alternative electron acceptor
during ATP synthesis (Moreno-Vivián, Cabello et al. 1999).
1.4.2 Does the possibility for the microorganisms to switch to VBNC status play
a role during inactivation?
As the treatment of microorganisms with PTW by washing the fresh-cut lettuce would
lead to stresses, bacteria may protect themselves by switching to viable but non-culturable
status (VBNC, comparable to sporulation or dormancy). In this case, bacteria do not
proliferate, but keep their metabolic activity unchanged and alive. Furthermore and
maybe most important for food and customer safety, these bacteria retain their virulence,
or recover it with regaining their cultivability. Therefore, the microbiological analyses
based on proliferation (see Chapter 2.4) were extended by an XTT assay (metabolic
activity, viability, see Chapter 2.5) and a Live/Dead assay (integrity of the cell membrane,
vitality, see Chapter 2.6) based on fluorescence staining. All experiments were performed
at lab-scale size in combination with the washing scenarios already used in the key
publication Schnabel, Andrasch et al. 2019. This way, a comparison between the CFUassays (colony forming units) at pilot- and lab-scale size was possible. Subsequently, the
proliferation assay at lab-scale size was combined with XTT and Live/Dead assay, so that
conclusions made by comparison at lab-scale experiments may also be true for pilot-scale
experiments, if the CFU results are comparable at both experimental scales. Furthermore,
the results obtained for XTT and Live/Dead on a laboratory scale will support the
experimental design for the same experiments on a pilot scale in future investigations.
23

1.4.2.1 Proliferation (CFU assay)
In Figure 7, the experimental results for the proliferation assays based on CFU counting
are given. If the aim of a treatment process is to reduce microorganisms, its performance
is measured based on the range of action it covers and the reduction factor (RF) by which
the quantity of microorganisms is reduced. The RF is the number of log10 cycles that the
microbial population declines by a reduction factor of 5 corresponds to a reduction of
99.999%. Of 1,000,000 microorganisms, 10 would remain.
For the washing of fresh-cut lettuce with tap water, a maximal reduction of nearly
2 log10-cycles has been achieved (Figure 7 A to E, black triangles; Figure 2 A). Depending
on the scenario, the reduction factor is clearly below 1 at the first extraction point and
then slowly increasing until the highest value is reached at the fifth extraction point. If
the fresh-cut lettuce is washed with PTW, the dynamic of the inactivation curves is
changing.
In scenario 3 (Figure 7 A, red dots; Figure 2 B), PTW was used at the first extraction
point. The RF is greater than 2 and remains above this value until the last extraction point,
even though the lettuce has been washed with tap water since the second extraction point.
Only at the fifth extraction point, the RF decreases close to 1. The survival of the native
contamination of the lettuce was negatively affected by the PTW. The decrease of the
antimicrobial effectivity of PTW on the lettuce may be caused by dilution of the
antimicrobial agents of the PTW by washing with tap water.
Another reason may be a recontamination of the lettuce by the unfiltered tap water used
at examination points 2 to 5. Figure 7 B shows the results for scenario 5 (Figure 2 D).
Here PTW was used at the second extraction point for the pre-rinsing of the fresh-cut
lettuce. Scenario 5 has four extraction points similar to scenario 6 and ClO2 (Figures 2 E
and 2 F). If PTW is used for pre-rinsing of the samples, then the RF is also above 2.
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Figure 7: Proliferation assay (CFU) – The graphs show the reduction factor (RF) of the
native microbial load for each examination point within the different scenarios (see also
Figure 2) analysed by total plate count. Each figure (A-E) includes the data for tap water
and PTW/ chlorine dioxide (ClO2) washing of the fresh-cut lettuce. All RFs are related to
the unwashed lettuce as the reference point. A) In red - scenario 3: PTW at extraction
point 1 (180 s pre-bathing), extraction points 2 to 5 with tap water; in black – tap water
used at extraction points 1 to 5. B) In red - scenario 5: PTW at extraction point 2 (30 s
pre-rinsing), extraction points 3 to 5 with tap water; in black – tap water used at
extraction points 2 to 5. C) In red - scenario 6: PTW at extraction point 4 (180 s main
washing), extraction points 2, 3 and 5 with tap water; in black – tap water used at
extraction points 2 to 5. D) In red - scenario 7: PTW at extraction point 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 – tap water used at extraction points 1 to 5. E) In orange - scenario ClO2:
ClO2 at concentration of 15 ppm at extraction point 4 (180 s main washing), extraction
points 2, 3 and 5 with tap water; in black – tap water used at extraction points 2 to 5. The
initial concentration was 106 to 107 cfu g-1. All experiments were repeated threefold with
n=3 resulting in n=9.

However, The RF decreases faster than in scenario 3 (Figure 7 A and Figure 2 B) to a
value close to 1 in the following washing steps. In comparison of scenario 5 to scenario
3, this may be due to the shorter treatment time of 30 s with PTW and to the rinsing
instead of washing. Scenario 6 (Figure 7 C and Figure 2 E) showed a significantly
different kinetic. In response to PTW only being used in the fourth washing step.
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Therefore, the RF for the washing steps 2 and 3 for tap water and PTW is very similar
and clearly below 1. In the fourth washing step, however, the RF increases to more than
3 and decreases only slightly below 3 at the fifth washing step. The significantly higher
RF achieved for the PTW washing step using scenario 6 (Figure 7 C and Figure 2 E)
compared to scenario 3 (Figure 7 A and Figure 2 B) and scenario 5 (Figure 7 B and Figure
2 D) could be explained by the washing steps 2 and 3 prior to the application of the
antimicrobial PTW. Steps 2 and 3 may clean and loosen dirt particles, which then no
longer contribute to the interference with the mechanism of the antimicrobial substances
present in the PTW. The observations described so far could also be applied to scenario
7 (Figure 7 D and Figure 2 C). In scenario 7, the use of PTW in the washing steps 1, 2
and 4 has led to very high reductions between 4 and 5 log10 cycles. A decrease in the
reduction factor can only be observed in the washing steps with tap water. The
antimicrobial effect of ClO2 with a concentration of 15 ppm can be described quite
differently. ClO2 was used in washing step 4 (Figure 7 E and Figure 2 F) and showed a
reduction comparable to tap water. A significant increase of the RF during the use of
PTW, especially in the comparative scenario 6, could not be determined.
1.4.2.2 Metabolic activity (XTT assay)
The proliferation studies were complemented by analyses of the metabolic activity of the
native load of the fresh-cut lettuce before and after washing with tap water, PTW and
ClO2. The analyses are based on an XTT assay, which analyses the cell viability as a
function of the redox potential. The results of the XTT assays are given in Figure 8.
The absorption of formazan dye at 470 nm is given in percentage of the control (unwashed
lettuce) over the extraction points for the tap water treatment and the specific scenarios.
Metabolically active cells are able to reduce the tetrazolium salt XTT to the orange
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coloured compound formazan. The higher the percentage the higher the metabolic activity
of the microbial cells obtained from the lettuce.

Figure 8: Metabolic activity (2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium5-carboxanilide salt (XTT) assay) – The graphs show 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 (see also Figure 2). Each figure (A-E)
includes the data for tap water and PTW/ chlorine dioxide (ClO2) washing of the freshcut lettuce. All data points are related to the unwashed lettuce (reference, extraction point
0). A) In red - scenario 3: PTW at extraction point 1 (180 s pre-bathing), extraction points
2 to 5 with tap water; in black – tap water used at extraction points 1 to 5. B) In red scenario 5: PTW at extraction point 2 (30 s pre-rinsing), extraction points 3 to 5 with tap
water; in black – tap water used at extraction points 2 to 5. C) In red - scenario 6: PTW
at extraction point 4 (180 s main washing), extraction points 2, 3 and 5 with tap water;
in black – tap water used at extraction points 2 to 5. D) In red - scenario 7: PTW at
extraction point 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 – tap water used at extraction points 1
to 5. E) In orange - scenario ClO2: ClO2 at concentration of 15 ppm at extraction point
4 (180 s main washing), extraction points 2, 3 and 5 with tap water; in black – tap water
used at extraction points 2 to 5. All experiments were repeated threefold with n=3
resulting in n=9.

The data point for the extraction point 0 showed the metabolic activity for the unwashed
lettuce as 100 %. The scenarios 3, 5 and ClO2 (Figure 8 A, B, E and Figure 2 B, D, F)
show clearly no difference in the metabolic activity of the native load of tap water, PTW
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or ClO2 washed fresh-cut lettuce in all extraction points. However, washing with PTW in
scenario 6 (Figure 8 C and Figure 2 E) and scenario 7 (Figure 8 D and Figure 2 C) affected
the metabolic activity of the microorganisms, which could be demonstrated by the
decrease in the absorption at extraction point 4 and 5 in scenario 6 down to 40 %. Scenario
7 showed an extremely steep decrease in the metabolic cell activity to approx. 3 % for all
extraction points. These two scenarios also had the highest RF, as previously described.

1.4.2.3 Cell membrane integrity (Live/Dead assay)
Finally, the effects of the applied treatments on the native microflora of the fresh-cut
lettuce was examined with regard to the integrity of the cell membrane (Live/Dead assay).
In most of the experimental set-ups, there was no difference observed between the cell
membrane of microorganisms washed with tap water, PTW or ClO2 (Figure 9). The
results obtained were less stark than those observed for the CFU and XTT assays. For
scenarios 3, 5 and ClO2 (Figure 9 A, B, E and Figure 2 B, D, F), the data points lead to
the conclusion that the cell membrane was severely damaged. However, for each of these
scenarios, a normal metabolic activity was detected in the XTT assay and in the
proliferation assay; only a reduction of 1 to 2 log10 cycles was detected for the same data
points. These are in contradiction to a strong cell membrane damage. In contrast, there
was a very high reduction of 3 to 5 log10 cycles for the scenarios 6 and 7 (Figure 7 C, D
and Figure 2 E, C) in the proliferation assay (level of statistically significance p < 0.05)
and also a strong reduction of metabolic activity (Figure 8 C, D) was shown. However,
the Live/Dead assay showed small differences (Figure 9 C, D) to the scenarios 3, 5 and
ClO2 (Figure 9 A, B, E), as well as for tap water. This leads to the assumption that this
test has only a weak validity regarding the antimicrobial effects of nitrite and nitrate in
the PTW.

28

Since propidium iodide (PI) could penetrate through even the smallest damage in the cell
membrane, many cells were probably detected false positive as dead for this dye.
Therefore, the distinction between false positive and positive values is almost impossible.
Many microorganisms tolerate small damages of the cell membrane and the metabolism
as well as the proliferation capacity are 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 oxidising molecules, based on the plasma reactive species,
which target the microorganisms. Elevated levels of reactive species can lead to
intracellular damage to DNA, proteins as well as membrane lipids leading finally to cell
death. Therefore, the presence of oxidative stress defence 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 (Arts, Gennaris et al. 2015). These defence mechanisms occur in
bacteria in the cytoplasm and the cell membranes. The cell membranes are a structural
barrier, which also avoid unnecessary permeability. The cell envelope of bacteria consists
of membranes, a cell wall made of peptidoglycan and the periplasmatic space. Gramnegative bacteria have an outer and an inner membrane with a thin layer of peptidoglycan
whereas Gram-positive bacteria have only one inner membrane but a thick peptidoglycan
cell wall. Antimicrobial active O2·- cannot easily penetrate cell membranes (Arts,
Gennaris et al. 2015). Therefore, SODs were active in the cytoplasm and periplasm to
detoxify O2·- such as released by the respiratory systems. Commonly, the SODs are
synthesised at stationary phase.
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Figure 9: Cell membrane integrity (Live/Dead 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 membranes stained fluorescent green, whereas bacteria
with damaged membranes stained fluorescent red. Each figure (A-E) includes the data
for tap water and PTW/ chlorine dioxide (ClO2) washing of the fresh-cut lettuce (see also
Figure 2). All data points were related to the unwashed lettuce (reference, extraction
point 0). A) In red - scenario 3: PTW at extraction point 1 (180 s pre-bathing), extraction
points 2 to 5 with tap water; in black – tap water used at extraction points 1 to 5. B) In
red - scenario 5: PTW at extraction point 2 (30 s pre-rinsing), extraction points 3 to 5
with tap water; in black – tap water used at extraction points 2 to 5. C) In red - scenario
6: PTW at extraction point 4 (180 s main washing), extraction points 2, 3 and 5 with tap
water; in black – tap water used at extraction points 2 to 5. D) In red - scenario 7: PTW
at extraction point 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 – tap water used at extraction points 1
to 5. E) In orange - scenario ClO2: ClO2 at concentration of 15 ppm at extraction point
4 (180 s main washing), extraction points 2, 3 and 5 with tap water; in black – tap water
used at extraction points 2 to 5. All experiments were repeated threefold with n=3
resulting in n=9.

In contrast, H2O2 diffused through biological membranes and was detoxified in the
bacterial cytoplasm by catalases and peroxidases. Concerning the literature, up to now,
only one enzyme in the periplasm for peroxide reduction was found (Cho, Parsonage et
al. 2012). The defence mechanism of bacteria against oxidative stress deals with two
options: 1) direct inactivation of ROS/RNS and 2) protein repair after oxidative damage.
Thus, minimal membrane defects do not lead to cell death.
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A proposed mechanism of action of PTW with Gram-negative and Gram-positive
bacteria, based on the results for the chemistry of PTW (Figure 5 and 6) and the CFU,
XTT and Live/Dead assay (Figure 7 to 9), is given in Figure 10.

Figure 10: Proposed mechanism of action of PTW based on reactive oxygen species
(ROS) with Gram-negative and Gram-positive bacteria.

As the total native load of the fresh-cut lettuce was investigated in this study, a distinction
between Gram-positive and Gram-negative bacteria is not possible. Based on the
proposed mechanism of action by Han, Patil et al. 2016 and the observed higher tolerance
of Gram-positive bacteria compared to Gram-negative ones (Pericone, Overweg et al.
2000) additional investigations are needed concerning the microbial diversity of the
native load (e.g. selective agar) and the possible inactivation outcomes (e.g. cell leakage,
DNA damage). Gram-negative bacteria seem to be more tolerant against O2·- due to more
periplasmic space with SODs and less tolerant against H2O2 due to less peptidoglycan
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compaired to Gram-positive bacteria. Gram-positive bacteria seem to be more tolerant
against H2O2 and more sensitive to O2·-.
If all results of the CFU, XTT and Live/Dead assays are considered together, an
inactivation of the natural load on fresh-cut lettuce is possible. This depends on the
process parameters of PTW volume to product ratio, the means of the application (rinsing
or washing), and treatment time duration (contact time) and importantly for practical
adoption; at which position within the washing line the PTW is used. However, PTW is
likely to cause only minor cell membrane damage, whereas metabolic activity could be
significantly affected. Chlorine dioxide at a concentration of 15 ppm (15 mg l-1) used for
180 s causes comparable effects to tap water. Here 15 ppm represents a higher
concentration than is usually used for industrial washing of lettuce with 3 mg l-1 for
30 – 300 s (FAO, WHO 2009). Commonly, chlorine based disinfection is used for
realising clean water to wash the produce, loosen dirt, reduce field heat and to prevent
cross-contamination of the food by contaminants entering the washing phases.
The methods for washing and sanitising food, as well as the drinking water disinfection
are different and not harmonised in every country of the EU and worldwide. For example,
in Germany, the chlorination (sodium hypochlorite, calcium hypochlorite, and chlorine
dioxide or chlorine gas) of drinking water is permitted. In Germany, only drinking water
and well water can be used to wash lettuce. In France and the United States, however,
cleaned washing water apart from drinking water and well water is also permitted. For
this reason, the two-stage process of treating lettuce with chlorine-based agents and
subsequently rinsing it with tap water is allowed. In general, reduction rates of 1 to
2 log10-cycles on the product are found using chlorinated washing water (Kim, Ryu et al.
2006; Garcia, Mount et al. 2003). This reduction is a good mean value concerning the
literature and corresponded very well to the results obtained in this study. The literature
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examined mainly artificially inoculated fresh-cut ClO2 washed lettuce. Seymour et al.
(2002) achieved a reduction of 0.7 log10 for Salmonella after a 10-min treatment with
100 mg l-1 ClO2. No significant decrease for E. coli after a treatment with 20 mg l-1 was
seen by Li et al. (2001) and 1 log10 reduction was found by Garcia, Mount et al. (2003)
for 200 mg l-1. These numbers were at the same level as those detected for the native load
of the fresh-cut lettuce within the current study after a 15 mg l-1 ClO2-treatment for
3 minutes and a subsequent rinsing step (Figure 7 E and Figure 2 F). Chlorine-based
agents were probably effective at reducing cross-contamination due to wash water, but
minimal reduction in microbial load of the produce itself is reported.
In order to make a final statement on the emergence of a possible VBNC status caused
by PTW stress, further studies based on luminescence tests (adenosine triphosphate
(ATP) assay) and FISH analyses (fluorescence in situ hybridization) will be required in
the future. If the VBNC status is an explanation for the observed reduction factors, the
metabolic activity should be reduced and the cell membrane could remain intact. This
could not be observed in the results presented so far and was supported by the microscopic
images. Current observations may indicate the promotion of cell detachment, partial
VBNC and cell death. In order to prove an increased cell detachment by PTW treatment,
the washing water must also be examined in the future. In this case, the microbiological
load would have to increase. Such investigations were considered in Schnabel, Andrasch
et al. 2019, where an increase of the microorganisms in the washing water was recorded,
if there was less load on the lettuce at the same sample. The possibility of detachment of
the native microbial load on the fresh-cut lettuce after PTW treatment was supported by
the findings of Handorf, Schnabel et al. 2019 (chapter 8). Here, the antifungal effect of a
direct treatment of Candida albicans biofilm by a microwave discharge was found, with
an initial influence at the attached section of the biofilm and subsequently a detachment
and cell death.
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1.4.3 Is the food quality compromised by an antimicrobial effective
PTW treatment?
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. Within the four key publications, experiments were
performed for colour and texture analysis. The published findings were validated by
additional measurements for colour (see Chapter 2.9) and texture (see Chapter 2.8). The
portfolio of analysis for the food quality was extended by IC measurements (see
Chapter 2.7) of the nitrite and nitrate content of PTW-treated fresh-cut lettuce. This is
important, as the EU regulated the maximum levels of nitrate for fresh lettuce by the
COMMISSION REGULATION (EC) No 1881/2006. Exceeding the maximum limit
values would preclude approval of the PTW procedure. Furthermore, the imaging
techniques SEM (scanning electron microscopy, see Chapter 2.11), AFM (atomic force
microscopy, see Chapter 2.10) and TEM (transmission electron microscopy, see
Chapter 2.12) were used to validate the texture analysis and to obtain a better insight of
the lettuce surface and organelles before and after PTW-treatment.
1.4.3.1 Colour and texture analyses
The results for the colour and texture analyses conducted are shown in Figure 11. The
change of green lettuce colour after washing with tap water, PTW and ClO2 was
determined directly and after 1 and 7 days of storage at 5 °C in a plastic bag (Figure 11 A).
The change in texture of fresh-cut lettuce leaves after each washing scenario was
determined directly (Figure 11 B). For the texture determination, the complete head of
lettuce was prepared for analysis and the stem components were not removed. For the
unwashed, tap water washed (Figure 2 A) lettuce and for scenario 5 (Figure 2 D), the
Chroma value increased over 7 days, but not significantly. For the scenarios 3, 6 and ClO2
(Figure 2 B, E, F) Chroma values measured were stable and only in scenario 7
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(Figure 2 C) was a decrease in Chroma value after 7 days observed. In summary, the
Chroma value was not significantly affected by any of the treatments studied (Table 1).
Longer storage times and an increase in the number of samples could provide further
information in the future.
In texture analysis, each washing step of the lettuce resulted in a lower maximum force
required for the first breakthrough by comparison with unwashed fresh-cut lettuce. This
means that the leaf tissue became softer. The observed decrease was highest for tap water
and lowest for the ClO2 scenario. However, none of the measured force values was
significantly different from the unwashed sample or from each other (Table 1). 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 were mixed and measured together. Separate lettuce leaf components analyses
could lead to statements that are more significant, but the overall effect recorded of
increasing tissue softness associated with water treatment remains.
Depending on how much water and energy the operator can or would like to use to wash
fresh-cut lettuce, both investigated scenarios 6 and 7 (Figure 2 C, E) are very suitable for
biological decontamination. For both scenarios, a reduction of the microbiological load
after the last washing stage with a statistical significance level of p < 0.05 was achieved
(Figure 7 C, D). On the other hand, no influences of PTW on product quality (colour,
texture, product surface and organelles) were found for both scenarios. The statistical
significance was not given for the colour if tap water and PTW is compared at
examination point five and the same was found for texture (Table 1). Since scenario 7
includes an additional washing step and a higher consumption of PTW, this should be
weighed individually by the user against the gain in microbiological decontamination.
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Table 1: The table shows the calculated p-values for the different PTW and ClO2
scenarios (Figure 2 B to F) compared to tap water washing (Figure 2 A). The p-values
are given for examination point 5 for colour and texture analyses.

colour

texture

storage
time
0h
24 h
168 h
0h

p-values
scenario 3
(Figure 2 B)
0.4842
0.5233
0.8615
0.3573

scenario 5
(Figure 2 D)
0.6842
0.8035
0.7451
0.2812

scenario 6
(Figure 2 E)
0.5121
0.9562
0.6025
0.2266

scenario 7
(Figure 2 C)
0.1527
0.4975
0.7144
0.3128

scenario ClO2
(Figure 2 F)
0.2622
0.1999
0.7301
0.05176

1.4.3.2 Concentration of nitrate in fresh lettuce tissue after PTW treatment
The EU has regulated the maximum levels of nitrate for fresh lettuce with
2,500 - 4,500 mg NO3 kg-1 depending on the harvest time and conditions
(EC No 1881/2006). Since PTW was used to wash fresh-cut lettuce and contains both
significant concentrations of nitrite and nitrate as described above, it needs to be
investigated whether the natural nitrate content in lettuce increases after washing and
exceeds acceptable limits and guidance values.

Figure 11: Colour (A) and texture (B) measurements of unwashed and washed fresh-cut
lettuce. The Chroma value was detected for colour and the maximal force for texture. The
experiments were repeated 3 times with n=5. Which finally resulted in n=15. For texture,
10 g of the fresh- cut lettuce was used. Stem components were not removed.

This could be an exclusion 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
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nitrate values, as well as possible nitrite values, IC analysis, which was previously used
for the PTW itself, was used. The results of the investigations are shown in Figure 12.
The measurements were done after examination point 5 (Figure 2) at the end of the
washing line. The IC-samples were prepared immediately after washing and the fresh-cut
lettuce had not previously been centrifuged or otherwise dried.
The detected concentrations of nitrate in unwashed and washed lettuce leaves were
between 753.0 mg NO3 kg-1 and 2053.0 mg NO3 kg-1. For nitrite, concentrations between
0.0 mg NO2 kg-1 and 110.0 mg NO2 kg-1 were measured. The concentrations are detailed
in Table 2 for each washing scenario. For all PTW scenarios and the ClO2-washing
(Figure 12 B to F and Figure 2 B to F) an increased NO2 concentration compared to
unwashed and tap water washed lettuce was noticeable. As expected, ClO2 should also
not lead to an increase in NO3, since this treatment does not add this agent to the washing
process. In PTW scenarios, the NO3 concentration did not increase compared to unwashed
and tap water washed lettuce.
Overall, all NO3 concentrations were significantly below the maximum permitted value
of 2,500 mg NO3 kg-1 for iceberg-type lettuce (2,000 - 2,500 mg NO3 kg-1) and for fresh
lettuce (except iceberg-type) of 2,500 – 4,500 mg NO3 kg-1 (EC No 1881/2006). The
detected nitrate concentrations are very low for lettuce.
Table 2 (see also Figure 12): Nitrite and nitrate concentrations of fresh-cut unwashed
and washed lettuce by IC-measurements. The lettuce was washed with tap water in four
different PTW-scenarios or ClO2.
treatment
unwashed (B to F)
tap water (B to F)
PTW – S3 (B)
PTW – S5 (C)
PTW – S6 (D)
PTW – S7 (E)
ClO2 (F)

Nitrite [mg kg-1]
concentration
4.0±2.6
0.0±0.3
31.0±13.5
13.0±10.2
68.0±34.3
110.0±32.4
19.0±25.5

37

Nitrate [mg kg-1]
concentration
2053.0±1347.5
1191.0±326.2
753.0±341.8
1205.0±788.8
1579.0±428.9
1108.0±558.8
1238.0±685.9

Figure 12: Ion chromatography (IC, see Chapter 2.7) for the detection of nitrate and
nitrite in fresh-cut lettuce after washing (extraction point 5, Figure 2, Chapter 1.2).
A) used blanks: distilled water and tap water; B) unwashed, tap water washed and PTW
(scenario 3) washed lettuce; C) unwashed, tap water washed and PTW (scenario 5)
washed lettuce; D) unwashed, tap water washed and PTW (scenario 6) washed lettuce;
E) unwashed, tap water washed and PTW (scenario 7) washed lettuce; F) unwashed, tap
water washed and ClO2 washed lettuce. N=3.

1.4.3.3 Microscopic analyses of fresh lettuce tissue after PTW treatment
Microscopic methods (SEM, AFM and TEM; methodology see Chapter 2.10 to 2.12)
were used for further investigations of the influence of PTW treatment on the food quality
of fresh-cut lettuce. SEM and AFM were used to visualise 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 analyses, no negative influence on the leaf structure after washing with
PTW was found independent of the stage of PTW application. This was confirmed by the
SEM (Figure 13) and AFM (Figure 14) analyses. Overall, the SEM analyses showed no
clearly visible changes between the samples and the unwashed reference. Neither when
washing the lettuce with tap water, nor for PTW (independent of the scenario) or ClO2 is
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a serious influence noticeable. The temperature of the water in all scenarios was
21.5±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 13 G, magnification x100).
The stomata seemed to be less raised, more collapsed. In the x4000 magnification
(Figure 13 G), the outer edge of the stomata appears somewhat attacked. However, it is
not clear whether these observations are exclusively due to the washing treatment, since
all samples and the reference for the SEM are vacuum dried and gold vaporised. This can
have an influence on the morphology (Zhang, Huang et al. 2017). The AFM analyses
showed results of 8 to 14 µm in the height micrograph. The wave-like structure, which
was already seen in the SEM investigations, can be seen very well in the error signal
micrograph (Figure 14, left column). The slight variations in the height profiles are
probably due to the presence of stomata in the scanned section. The slight deviations for
ClO2 observed in the SEM investigations are not visible in the AFM images. This may be
due to the small scanned area in the AFM. On the other hand, the reason can also be that
the samples are pre-treated for SEM and not for AFM. This was the proposed advantage
of AFM analysis as the samples are not subject to dehydrating sample preparations and
are relatively natively analysed.
To the best of my knowledge, there have been no previously published findings reporting
AFM images of fresh-cut lettuce or leafy greens after washing. Published investigations
to date were on onion and garlic skin or peach (Yang, An et al. 2005; Hershko,
Nussinovitch 1998; Hershko, Weisman et al. 1998).
AFM is proposed as a good alternative for SEM. In the future, comparative studies with
ESEM (Environmental SEM) could be conducted to select the best microscopic method
for studying leaf surfaces. The advantages of using ESEM would be the investigation of
living tissue in a native state, as lower vacuum (higher pressure) is used and no sputtering
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for conductive surfaces is needed compared to conventional SEM. As a result, biological
samples can be analysed faster and more easily. This technique avoids complex and time
consuming preparation methods, without modifying the natural surface or creating
artefacts by the preceding preparation work, or the vacuum of the SEM, however,
resolution and clarity of distinction of features may be compromised.
The TEM-analysis of leaf tissue from unwashed lettuce showed the typical cell organelles
to be expected (Kongwong, Boonyakiat et al. 2019; Malinova, Mahlow et al. 2014; He,
Feng et al. 2004), except for vacuoles. The absence of vacuoles was probably an artefact
of preparation. Differences in the composition of cell organelles were not found for tap
water and PTW compared to the unwashed reference. However, chloroplasts in leaf tissue
showed morphological changes after washing with ClO2 (Figure 15 G). In particular, the
grana (stacks of thylakoid discs) were affected. 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. In these
samples, the stacks in grana were attached to one another to form large clearances.
Consequently, the light-dependent reactions of photosynthesis may be influenced
negatively 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 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, which may play a
role in the approval of new processes.

40

Figure 13: Scanning electron microscopy (SEM) of the fresh-cut lettuce (butterhead)
unwashed and washed with tap water, PTW or ClO2. For each scenario, three
magnifications are shown: left – x100, middle – x1000, right – x4000. The scenarios
shown are: A) unwashed, B) tap water washed, C) PTW washed – scenario 3, D) PTW
washed – scenario 5, E) PTW washed – scenario 6, F) PTW washed – scenario 7, G)
ClO2 washed.
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Figure 14: Atomic force microscopy (AFM) of the fresh-cut lettuce (butterhead)
unwashed and washed with tap water, PTW or ClO2. For each scenario, two micrographs
are shown: left – error signal/ deflection micrograph, right – height micrograph. The
scenarios shown are: A) unwashed, B) tap water washed, C) PTW washed – scenario 3,
D) PTW washed – scenario 5, E) PTW washed – scenario 6, F) PTW washed – scenario
7, G) ClO2 washed. The micrographs are recorded in contact mode with a set point at 15
nN, a line rate of 0.08 Hz and by a 90 x 90 µm² scan width. The error signal/ deflection
micrograph shows the bending of the cantilever and it is plotted against its xy-position.
The height micrograph shows the vertical (z) and horizontal (xy) movement of the piezo
scanner. It shows the exact topographic height differences on the sample surface.
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Figure 15: Transmission electron microscopy (TEM) of the ultrastructure of the freshcut lettuce leaf tissue unwashed and washed with tap water, PTW or ClO2. For each
scenario, four micrographs are shown: from left to right – overview of the ultrathin
section, 3 times a detailed micrograph of the same section depicting all detected cell
organelles. The scenarios shown are: A) unwashed, B) tap water washed, C) PTW washed
– scenario 3, D) PTW washed – scenario 5, E) PTW washed – scenario 6, F) PTW washed
– scenario 7, G) ClO2 washed. 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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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 stage of PTW application (Figures 15 C to F). Further, it seems that the stroma
thylakoids were disrupted (Figure 15 G). Other organelles did not appear to be affected.
Fujii, Yamano et al. 2016 mentioned that in their experiments not only the grana were
altered, but also that the plastoglobuli, which contain accumulated lipids as lipoproteins,
were enlarged (Fujii, Yamano et al. 2016).

1.4.4 Is it possible to use PTW in combination with PPA leading to synergistic or
additive effects?
As the same plasma device can be used to generate two different antimicrobial efficient
agents (PPA and PTW) the question of possible synergistic effects of a combined
treatment – PTW for washing a surface and PPA of drying it afterwards – arose. These
investigations could support the identification of future plasma applications e.g. CIP/SIP
applications. The experiments for this part of my PhD thesis were completed and
published in Schnabel, Handorf et al. 2019 (chapter 7).
In brief, the synergistic antimicrobial effects of PPA and PTW were investigated with the
aid of proliferation assays. For this purpose, microorganisms (Listeria monocytogenes,
Escherichia coli, Pectobacterium carotovorum, and sporulated Bacillus atrophaeus)
were cultivated as monocultures on PE-strips (polyethylene). In single PTW treatment of
the bacteria, an elevation of the reduction factor with increasing treatment time could be
observed (e.g., RF of 2.4 to 3.0 for P. carotovorum).
In comparison, the combination of PTW and subsequent PPA treatment lead to
synergistic effects for a decrease in surviving CFUs that were clearly not induced by
longer treatment times. These ﬁndings were valid for all bacteria in the order
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L. monocytogenes > P. carotovorum = E. coli. The effect was reversed for endospores of
B. atrophaeus. With pure PPA treatment, a strong inactivation was detectable, whereas
single PTW treatment showed no effect even with increased treatment parameters. An
effect for the VBNC status of the investigated microorganisms was not examined in that
study.
The combination of the RNS rich PTW and PPA modes of treatment was able to cancel
out the tailing effect, which can be seen for antimicrobial treatment depending on the
treatment conditions (Sigstam, Rohatschek et al. 2014; Mattle, Kohn 2012; Lambert,
Johnston 2000). The cited literature investigated by experiments and models the tailing
effect for microorganisms after treatment with biocides. Different hypothesis were
examined. These resulted in the deposition of an adduct onto the virus capsid, which
protects the viruses (Sigstam, Rohatschek et al. 2014), and in a model for viruses, which
suggested that highly reactive disinfectants are less effective than low-concentrative ones
due to the formation of aggregates (Mattle, Kohn 2012), and a model that suggested that
the reason for the common observation of non-linear log10-survivor curves (tailing) was
due to the ability of the microorganisms to intrinsically quench the bulk concentration of
biocides (Lambert, Johnston 2000). This tailing effect was also seen for the single
PTW-treatment of P. carotovorum, L. monocytogenes and endospores of B. atrophaeus
(Schnabel, Handorf et al. 2019). The use of synergistic effects of PTW for cleaning and
PPA for drying showed a clear alternative for currently used sanitation methods in food
production plants (Schnabel, Handorf et al. 2019).
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1.5

Conclusion

At the beginning of my PhD thesis, based on a critical analysis of my key prior
publications, there were four questions emerging, which were to be examined
scientifically in more detail to address gaps in understanding. Therefore, the
investigations within this thesis provide further knowledge of the chemical composition
of PPA and especially PTW. With a better understanding of the chemical species in PTW,
the mechanism of action on the native microbial load on fresh-cut lettuce was examined.
In addition, a specific focus on VBNC status was proposed, as the PTW-treatment would
cause oxidative and nitrosative stresses. Under the same treatment conditions, which
result in significant antimicrobial effects, the food quality was investigated. If the
requirements for food safety were fulfilled without affecting the food quality of the
product itself, this would positively reinforce the data basis for regulatory approval and
lead to a faster acceptance of PTW application in food industry and other stakeholders.
The investigations of the PPA and PTW composition brought new findings. The detection
of H2O2 in low, but relevant concentration and the absence of ONOO- were unexpected.
Therefore, a new hypothesis for the inactivation mechanism of PTW on microorganisms
has to be assumed. Now, a combination of H2O2, nitrite and a low pH appears to be
responsible for the antimicrobial effects observed affecting cell death and/or metabolic
decrease. In order to confirm this assumption, on the one hand, it should be established
whether H2O2, which is present in very low concentration, was already formed in the PPA
or whether it was only formed when the water was functionalised with the PPA. In
addition, this opens the possibility, whether O2·- was formed in the PTW, which could
then ultimately be responsible for the antimicrobial effect. The observed antimicrobial
effect is not only based on cell death and metabolic decrease. Two further options may
play an important role. One could still be VBNC, here, further investigations providing
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more data for ATP synthesis (luminescence assays) and DNA/ RNA synthesis (FISH) are
proposed approaches to elaborate this aspect. The other, maybe more important one,
would be whether the PTW treatment and/ or characteristics enhances or promotes
detachment of microbial cells from the tissue, which then leads to a decrease in the
microbiological load (higher reduction factor) on the lettuce, with a subsequent increase
of viable cells in the washing water. This should be considered for continuous versus
batch processing, where continuous plasma processing or a reprocessing step of the wash
water could eliminate cross contamination events in processing environments dependent
on water based interventions. The results for scenarios 3 and 5 (Figure 2 B, D) would be
explainable by this way. In the scenarios 3 and 5, the microbial RF achieved was slightly
higher then that for tap water, but the metabolism and cell membrane integrity outcomes
were similar. To prove this assumption, the washing water should be incorporated as a
sample for analyses for the increase of proliferative microorganisms and if this may be a
time dependent (rate) factor.
Previously, in the key publication Schnabel, Andrasch et al. 2019, the preliminary
indications for an increase of the microbial load in the water was gained. If an enhanced
detachment ability of this PTW was a significant factor in sanitising the fresh-cut lettuce,
this would be an important information for the recycling as well as reuse of the washing
water, and must be considered for its disinfection to avoid cross-contamination.
The results gained for the food quality showed a neutral impact of the PTW on the lettuce.
However, these new and initial results should be confirmed by sensory and toxicological
investigations. These further examinations will support industrial acceptance and
implementation as well as regulatory approval. The final question to be addressed was
the possibility of combining the two plasma-functionalised agents PPA and PTW. The
identified quantitative synergistic and additive effects (CFU counting) for the PTW
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washing and subsequently PPA drying for different vegetative bacteria and bacterial
spores on the solid polymer surface provides evidence for the combined applications of
the microwave discharge plasma technology examined in this body of work, but also with
combinations of PTW and PPA from different plasma sources with definable and
controllable RONS profiles. Primary targets in the food industry for bio decontamination
of working equipment and process environment and in other sectors where hygiene
maintenance and assurance is critical.
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2. METHODOLOGY OF THE PhD THESIS
2.1 Fourier-transform infrared spectroscopy (FTIR) analysis for PPA
For the determination of chemical species concentrations in the gas phase Fouriertransform infrared spectroscopy (FTIR) was used. The FTIR (Vertex 70v, Bruker
Cooperation, Billerica, MA, USA) was equipped with a variable 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 on the basis of 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, which generates the PPA,
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 treatment
scenarios, whereby a ninth of the total gas flow was routed through the measuring cell
during the FTIR measurement.
Using the Loschmidt-constant nL = 2.686 1025 m-3 which is the number density of an ideal
gas at normal pressure and normal temperature (T0=273 K, p0=101,325 kPa) the relative
concentration can be recalculated to absolute concentrations by:
𝑐

=

𝑛
𝑛

2.2 Nitrite/ nitrate analysis in PTW by ion chromatography (IC)
Immediately after preparation, the PTW was diluted with 100 mM NaOH (sodium
hydroxide) at a ratio of 1:10. Using NaOH instead of PBS (phosphate buffered solution)
is an adaptation compared to published results (Schnabel, Handorf et al. 2019), as PBS
with a pH of 7.2 may lead to an additional peak for phosphate. Nitrite and nitrate were
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determined by ion chromatography (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 conductivity detector and a scanning
UV detector. The UV detector operated at 220 nm. The validation of this method is based
on previous measurements (Schnabel, Handorf et al. 2019/ see Chapter 7 part 7.4.2.2 and
7.4.2.3).
2.3 H2O2-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
pattern of the redox reaction at the chip electrode, the measurement 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 running buffer (phosphate-buffered saline, pH
corrected with 3M KCl, pH 4.6) was continuously pumped over the chip electrode with a
rotational speed of 16 U/min. An Autolab PGSTAT101-potentiometer (METROHM)
was used to transmit the measured potentials to the AutolabNova (METROHM) software
for evaluation. First, 5 ml PTW were mixed with 2 ml running buffer and then, 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 submitted in Handorf, Below et al. 2019.
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2.4 Proliferation assay (CFU)
The determination of the natural load by colony-forming units (CFUs) of the leafy greens
was realized by using the proliferation assay.
The used samples were fresh-cut leafy greens (e.g. endive, butter head) of around 3 g with
natural contamination. After the treatment with tap water, PTW or ClO2 (15 ppm) the
fresh-cut lettuce was transferred into blender bags with 20 ml PBS (pH 7.2, according to
Sörensen) and stored overnight at 5 °C. On the next day, the samples were blended for
15 s at 400 rpm. The resulting suspensions were used for dilutions and further
investigations. To determine the CFUs, 100 µl were taken from the 20 ml suspension
solution and a serial dilution was performed. This was done by diluting the sample
solution after plasma treatment 1:10 with maximum recovery diluent (MRD;
0.85 % NaCl, 1 % tryptone). Each dilution step was plated on plate count agar by
pipetting 10 µl per dilution onto the plate and by means of the tilting technique. The
sample was spread out. The plates were then incubated for 48 h at 30 °C. The colonies
for the respective dilution levels were counted and the CFU/ml values were calculated as
follows:

𝐶𝐹𝑈 =

∗

∑𝑐 +∑𝑐
𝑛 + 0,1𝑛

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).
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The reduction factor (RF) was determined using the following equation:
𝑅𝐹 = 𝑀𝑉 𝑙𝑜𝑔

− 𝑀𝑉 𝑙𝑜𝑔

Where MVclog10 represents the mean value of the CFU/ml of the reference group and
MVslog10 was the mean value of the CFU/ml of the treated samples. For the final
illustration, the weighted mean value of the total population was used. The propagation
of error of the different experimental days was calculated, and the weighted error was
calculated from the sum of the propagation of errors and is displayed as error bars in the
illustrations (Gränicher 1994).
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 specimens the reduction factor (R) was calculated as follows:

(1)

𝑅=

𝑛

∶ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑛

∶ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

The standard deviation of the reduction factor (ΔR) was calculated as follows:

Δ𝑅 =

⋅ Δ𝑛

=

⋅ Δ𝑛

(2)

(𝑖)

(3)

()

=−

Δ𝑅 =

+

(4)

()

()

⋅ Δ𝑛

+

()

⋅ Δ𝑛
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(𝑖)

(5)

Δ𝑛

∶ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

Δ𝑛

(𝑖) ∶ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖

Δ𝑅 ∶ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
2.5 Viability assay (XTT, colorimetric assay)
A colorimetric assay was used to determine the cell viability after plasma treatment (XTT
Cell Proliferation Assay Kit, Applichem, St. Louis, USA). Therefore, XTT was applied
to reveal the cell viability as a function of redox potential, which arises from a transplasma membrane electron transport (Scudiero, Shoemaker et al. 1988). The sterile
activation solution, which contains phenazine methosulfate (PMS) as an intermediate
electron carrier, and the XTT solution were mixed 1:50. For each well, these mixtures
were added at a ratio of 1:3 to the sample solution (the same as used for CFU and
fluorescence assay). The 96-well plate was incubated at 37 °C with continuous horizontal
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 blankcorrected using XTT and activation solution mix without sample. The experiments were
repeated threefold with n=3, which finally resulted in n=9.
2.6 Vitality assay (Live/Dead, fluorescence)
The LIVE/DEAD BacLight™ Bacterial Viability Kit (Fisher Scientific GmbH, Schwerte,
Germany) was prepared according to product instructions. Subsequently, 0.9 µl of the
mixture was added to 300 µl of the sample solution (the same as used for CFU assay and
XTT assay) followed by an incubation on a rotary shaker in the dark at room temperature
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
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and emission wavelength of 530 nm or 630 nm for green (G) and red (R) fluorescence,
respectively. Conclusively, a ratio G/R was calculated by dividing the intensity value of
green fluorescence by the value of red fluorescence.
2.7 Nitrite/ nitrate analysis in leafy greens by ion chromatography (IC)
After washing the fresh-cut leafy greens with PTW, the plant tissue was homogenized
with a common hand blender. After blending, 5 g of the homogenised plant tissue was
mixed with 50 ml tap water (70 °C), shortly shaken and incubated for 15 minutes. Two
filtrations 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
2-3 µm). In the second step, the filtrated solution was filtrated again by a tip filter
(Sarstedt, Nümbrecht, Germany; particle retention 0.2 µm, PES (polyester) membrane).
The collected double-filtrated solution was analysed by IC for nitrite and nitrate
concentrations as described previously in chapter 2.2.
2.8 Texture analysis of leafy greens
In order to determine the impact of a PTW-treatment on the produce texture, lettuce
samples were examined using a texture-measuring device; Texture Analyser
TA.HDplusC (WINOPAL Forschungsbedarf GmbH, Elze, Germany). This type of
examination could be used to investigate the effect of force on a foodstuff, which
simulates a bite or chewing. Each 10 g sample was treated according to the different
PTW-scenarios (scenario 3 to 7) and ClO2 at the concentration of 15 ppm compared to
unwashed and tap water-washed references. The fresh-cut leafy greens were examined
directly after treatment. 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-section 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
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leaves and the woody components of the middle have been 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 constant extension of the gauge. Each
measurement was initialized at a load of 100 g, which removes cavities between the leaves
of the sample. The force required to compress the lettuce to the 95 % extension was
measured. Measurements were been repeated three times with n=5, which finally resulted
in n=15.
2.9 Colour analysis of leafy greens
The colour tests of the lettuce leaves were carried out using the CIELab system. For this
purpose, the portable colorimeter NH310 from 3nh (PCE Deutschland GmbH, Meschede,
Germany) was used. To determine the colourfulness (Chroma, generally expressed as a
C-value), the sensor of the instrument was placed directly on the sample, in this case the
lettuce leaf. The C-value was used for the evaluation, as it depicts a broad range of colour
changes, which could be expected during the experiments (Pasquali, Stratakos et al.
2016). Measurements were repeated three times with n=5, which finally resulted in n=15.
2.10

Atomic force microscopy (AFM) of leafy greens

A leaf section was stuck onto a PE-holder (32 x 8 x 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 retention of 0.2 µm) and mounted onto the
sample holder of the atomic force microscope (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-
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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 cantilevers. 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 x 90 µm2 scan width. Due to the topographically wavy nature
of the samples, relatively high frictional forces appeared during 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 is set by the mentioned set
point and provides the control variable of the control loop. The so-called 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 topographic 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.
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2.11

Scanning electron microscopy (SEM) of leafy greens

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 chargefree electron microscopy of biologic material. The microscale morphology of the leaves
was investigated by scanning electron microscopy (SEM) in the secondary electron (SE)
imaging modes. Low and high-resolution top views were provided with a JSM 7500F
(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 1keV was applied and structural features of samples were shown at three
magnification levels: 100; 1,000; and 4,000 at a working distance of 8 mm.
2.12

Transmission electron microscopy (TEM) of leafy greens

The previously described fresh-cut unwashed (reference), tap water-, PTW- and
ClO2- washed (15 ppm) 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, postfixed with 2 % osmium tetroxide in buffer for 2 h at room
temperature, and washed again with buffer for 5, 10, 15, 20, and 30 min, respectively.

57

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
transferred 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 UK Ltd, Milton Keynes, UK), transferred
onto Pioloform-coated slot grids (2 x1 mm), stained with 4 % aqueous uranyl acetate for
5 min followed by lead citrate for 1 min and analysed 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.
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3. ANTIMICROBIAL EFFICIENCY OF NON-THERMAL ATMOSPHERIC
PRESSURE PLASMA PROCESSED WATER (PPW) AGAINST
AGRICULTURAL RELEVANT BACTERIA SUSPENSIONS
The chapter 3 is based on/ quotes the publication:
Schnabel, U.; Niquet, R.; Schmidt, C.; Stachowiak, J.; Schlüter, O.; Andrasch, M.;
Ehlbeck, J. (2016) Antimicrobial efficiency of non-thermal atmospheric pressure plasma
processed water (PPW) against agricultural relevant bacteria suspensions. Int. J. Environ.
Agricult. Res. 2, pp. 212 - 224.
3.1 Summary
Currently used methods for decontamination and sanitation are antimicrobial ineffective,
generate high costs with a high consumption of water and chemicals additionally. As an
alternative, non-thermal plasma at atmospheric pressure could be a versatile tool.
Therefore, an experimental set-up based on a microwave-plasma source, which generates
plasma processed air (PPA) containing manifold RNS-based chemical and antimicrobial
compounds, was used. The PPA was introduced into distilled water, phosphate buffered
saline (PBS) or nutrient broth to generate plasma processed water (PPW), plasma
processed PBS (PPP) or plasma processed broth (PPB) which can be applied for the
decontamination of packaging material, fresh produce and processing equipment. This is
a new and innovative method for the generation of antimicrobial active plasma processed
liquids (PPL). In our experiments, bacterial suspensions contaminated with six different
bacteria; Escherichia coli K12 (DSM 11250), Pseudomonas fluorescens (DSM 50090),
Pseudomonas

fluorescens

(RIPAC), Pseudomonas

marginalis

(DSM

13124),

Pectobacterium carotovorum (DSM 30168) and Listeria innocua (DSM 20649) in a
concentration of 106 cfu . ml-1 and subsequently treated with PPW, PPP, PPB and HNO3
were investigated. For PPL production, the plasma was ignited for 5, 15 or 50 s. After a
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post-plasma treatment with PPL of maximum 5 minutes, a decrease of bacterial load up
to 6 log10 steps were detected for examined bacteria. Furthermore, an exclusive
inactivation by acidification of PPL was excluded. The characteristics of plasma and its
generated cocktail of long living chemical compounds in air and in water leading to a
high bacterial inactivation and offering a wide range of possible applications.

3.2 Introduction
The consumption of about 400 g up to 800 g per day of fresh fruits and vegetables is
recommended by many organizations like the World Health organization (WHO) (WHO
1990), the World Cancer Research Fund (WCRF) and the American Institute for Cancer
Research (AICR) (WCRF and AICR 2007) as well as the German Nutrition Society e. V.
(DGE). Fruits and vegetables are the supplier of vitamins and minerals, of dietary fiber
and phytochemicals with a low energy density (Thompson, Heimendinger et al. 2006).
Investigations lead to the conclusion that the more fruits and vegetables eaten, the lower
the risk is not only for certain types of cancer, but also for obesity, hypertension and
coronary heart disease (Buijsse, Feskens et al. 2009; Takachi, Inoue et al. 2008; Wright,
Park et al. 2008; DGE 2007, 2008; Slattery, Berry et al. 1997; Franceschi, Favero et al.
1995). However, fresh and fresh-cut produce have a limited shelf life of several days,
which allows only a regional distribution of that produce. The limited shelf life and the
associated losses of fresh produce have various causes, but especially depend on
microbial contamination at all stages in the value chain. The microbial contamination may
also cause foodborne illnesses, which occur annually and worldwide. The U.S. Food and
Drug Administration (FDA) listed under the ten riskiest foods in their Center for Science
in the Public Interest (CSPI) Report 2009 five times fruits and vegetables. Whereby leafy
greens are on the top (CSPI 2009). European institutions and customer organizations like
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the German Institute for Risk Assessment (BfR) are aware of the risk of food borne
illnesses caused by fresh fruits and vegetables, too (Stiftung Warentest 2013, BfR 2011).
The European Food Safety Authority (EFSA) described in their zoonoses report of 2011
(EFSA 2013) 5648 reported food-borne outbreaks for 2011 with more than 200,000
confirmed human cases. The outbreaks were caused by Bacillus toxins, Campylobacter,
Clostridium, E. coli (mainly Verotoxin-producing Escherichia coli (VTEC)), Listeria,
Yersinia and some others.
Initial microbiological load of fresh vegetables ranges between 102 and 107 cfu  g-1,
whereas most germs are harmless Gram-negative bacteria like Pseudomonas spp. and
Pectobacterium spp. For food safety, relevant foodborne pathogens are in particular
bacteria like Enterobacteriaceae (Escherichia spp., Samonella spp.) and Listeria spp.
(Oliveira, Usall et al. 2011; Francis, Thomas et al. 1999). Due to the low infection dose
of E. coli, the guidance level for it can be reduced to 100 cfu  g-1 (DGHM 2010;
EC 2005).
In case of fresh fruits and vegetables, preservation methods such as heat treatment and
freezing are not applicable because of the resulting loss of freshness properties.
Conventional methods of decontamination and cleaning of fresh food are based on rinsing
with water, which may contain high amounts of chemicals, e.g. chlorine (50-200 ppm),
chlorine dioxide or ozone. Although the poor stability of chlorine and the association of
chlorine with a possible formation of carcinogenic chlorinated compounds in water have
called the use of chlorine in food processing applications into question
(Rico, Martín-Diana et al. 2007; White 1999). Water containing disinfectant eliminates
3 to 4 log10 of microorganisms in solution and prevents them from attaching to the product
surface. However, once bacteria are attached or internalized, no effective method exists
to remove or destroy the contamination (Lang, Ingham et al. 2000; Itoh, Sugita-Konishi
et al. 1998). Therefore, the development of environmentally friendly alternative
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disinfection and cleaning methods is important, but also the product compatibility, costs,
environmental impact, impact on product quality and regulatory provisions have to be
taken into account (Matthews 2006).
Alternative methods for both effective and safe disinfection of fresh food, especially fruits
and vegetables, are needed to guarantee safe consumption of high-quality products.
One possible alternative method could be the application of non-thermal atmospheric
pressure plasma.
Plasma is generated by supply of energy to a gas leading to an excitation as well as
ionization of gas atoms or molecules, giving the opportunity to a direct absorption of
electrical power. A wide range of different plasma types is known. One type is the nonthermal atmospheric pressure plasma (Tendero, Tixier et al. 2006; Conrads, Schmidt
2000). Plasma is always a cocktail of a variety of species including excited and reactive
atoms, molecules, ions and radicals, but also radiation (VUV, UV) (Ehlbeck, Schnabel et
al. 2011; Fridman 2008; Moisan, Barbeau et al. 2001). Plasma is currently used in various
industrial fields such as electrical engineering, textile and packaging industry, optics,
automotive industry, printing as well as environmental technology, and much more
(Tendero, Tixier et al. 2006; Kogelschatz 2004; Suchentrunk, Staudigl et al. 1997).
The application of non-thermal atmospheric pressure plasma is a discipline with
increasing attention in the field of food processing and an emerging non-thermal
technology for reducing microbial load on the surface of fresh and processed foods
(Knorr, Fröhling et al. 2011). Thus, the potential applications of non-thermal atmospheric
pressure plasma for the food industry are manifold and it has specific potential for the
treatment of foods.
Recent reports of Volin et al. (2000) and Fernández-Gutierrez et al. (2010) include special
applications like modification of seed germination or active packaging of fruits
(Fernández-Gutierrez, Pedrow et al. 2010; Volin, Denes et al. 2000), but also plasma
62

applications for decontamination of different food products, in most cases with the
objective of further shelf-life or storage-time extension (Shama, Kong 2012; Ragni,
Berardinelli et al. 2010; Niemira, Sites 2008; Perni, Liu et al. 2008; Perni, Shama et al.
2008; Selcuk, Oksuz et al. 2008).
However, independent of the application a humid or wet environment is given by
microbial suspensions, biofilms, and cell tissue, fresh or liquid food. Therefore, the
presence of a gas-liquid environment and a gas-liquid interaction is always given.
The aim of the presented work was to investigate the antibacterial efficacy of plasma
processed water (PPW)

against

food-related microorganisms

in

suspension.

Investigations of buffering effects by phosphate buffer and nutrient broth should give an
insight for the capability to use PPW in food washing plants. To exclude the pH value as
single responsible antimicrobial component, HNO3 solution was examined separately.

3.3 Methodology
3.3.1 Generation of plasma processed liquids by microwave discharge
The generation of all plasma processed liquids was realized by microwave driven
discharge processed gas in contact with sterile, distilled water; phosphate buffered saline
(PBS, after Sörensen, pH 7.2) or nutrient broth. The used microwave driven discharge
set-up is shown in Figure 16. The microwaves had a frequency of 2.45 GHz and the
supply power was in the range of 1.1 kW. Accordingly, the gas temperature was about
4000 K at a gas flux of 18 slm air. The so called generated plasma processed air (PPA)
was introduced into distilled water, PBS or nutrient broth and the resulting plasma
processed water (PPW), plasma processed PBS (PPP) or plasma processed broth (PPB)
were then used to inactivate the bacterial suspensions. The discharge was ignited for 5,
15 or 50 s. The suspensions were treated for 1, 3 and 5 minutes with the PPW, PPP or
PPB (post-treatment time). The observed inactivation of microorganisms depended on
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the storage with long-lived reactive chemical species in the liquids and acidification
during post-plasma treatment time. For comparability and to investigate if only the
acidification is responsible for the inactivation of bacterial suspensions, HNO3 solutions
with three different pH values were used the same way like the other liquids, but without
PPA treatment. The chosen pH values for HNO3 solutions correspond to pH values
received for PPW after PPA treatment.

Figure 166: Scheme of the microwave-setup for the generation of A: PPW
(plasma processed water), B: PPP (plasma processed PBS) and of C: PPB
(plasma processed broth) (Krohmann, Neumann et al. 2005).
Measurements of the pH value were analyzed with a pH-meter (Multi 3420 – WTW
Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany) and the pH
electrode SenTix® Mic (pH 0-14/ 0-100 °C - WTW Wissenschaftlich-Technische
Werkstätten GmbH, Weilheim, Germany) directly after PPW, PPP or PPB generation.
The observed pH values in dependency of the plasma-on time are shown in Table 4. The
pH value for the used HNO3 solutions is also shown in Table 3.

Table 3: pH values of PPW (plasma processed water), PPP (plasma processed PBS),
PPB (plasma processed broth) and HNO3
pre-treatment
time (s)
0
5
15
50

PPW

PPP

PPB

HNO3

6.1
1.7
1.5
1.1

7.2
7.0
6.6
2.8

7.1
6.6
5.3
3.0

3,5
2,5
1,5
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3.3.2 Investigated microorganism suspensions
For microbiological experiments Escherichia coli K12 (DSM 11250), Pseudomonas
fluorescens (DSM 50090), Pseudomonas fluorescens (RIPAC), Pseudomonas marginalis
(DSM 13124), Pectobacterium carotovorum (DSM 30168) and Listeria innocua (DSM
20649) were used in concentrations of 106 cfu . ml-1 suspended in sterile, distilled water,
see also Table 6. E. coli K12 (DSM 11250) and L. innocua (DSM 20649) were chosen
due to their relationship to enterohemorrhagic E. coli (EHEC) O157:H7 and
L. monocytogenes, both human pathogens which could occur on food. However, the
chosen strains are classified as risk level 1 and therefore easy to handle.
P. fluorescens (DSM 50090), P. fluorescens (RIPAC), P. marginalis (DSM 13124) and
P. carotovorum (DSM 30168) occur in soil or on plants and can cause spoilage of food
or storage losses e.g. by soft rot.

Table 4: Bacteria strains used in this work.
microorganism

DSM number

ATCC/ NCTC number

Escherichia coli
Pseudomonas
fluorescens
Pseudomonas
marginalis

DSM 11250
DSM 50090

NCTC 10538
ATCC 13525

DSM 13124

ATCC 10844

Pectobacterium
carotovorum
Listeria innocua

DSM 30168

ATCC 15713

DSM 20649

ATCC 33090

Pseudomonas
fluorescens (RIPAC)

directly isolated from cantaloupe, RIPAC number:
D13-0092-1-1-13

3.3.3 Treatment of bacterial suspensions and recovery of bacterial load
The treatment of bacterial suspensions was realized by transferring 2.5 ml PPW, PPP,
PPB or HNO3 to 2.5 ml bacterial suspension for a specific treatment time. These treatment
times were 1, 3 and 5 minutes. Afterwards the antibacterial reaction was stopped with
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5 ml nutrient broth (tryptic soy broth from Merck KGaA, Darmstadt, Germany or
standard nutrient broth I from Carl Roth GmbH+Co.KG, Karlsruhe, Germany) for plasma
processed liquids with 5 and 15 seconds plasma on time as well as HNO3 solution with
pH 3.5 and 2.5. In the case of 50 seconds, plasma on time and pH 1.5 of HNO3 20 ml
nutrient broth was used to stop the antibacterial reaction. By using the surface-spreadplate count method with tryptic soy agar (Merck KGaA, Darmstadt, Germany) or standard
nutrient agar I (Carl Roth GmbH+Co.KG, Karlsruhe, Germany) plates, the recovery was
realized and completed with an overnight cultivation in an incubator. The
surface-spread-plate count method is a surface counting method employed for aerobic
bacteria. Therefore, 100 µl of all serial dilutions of the broth were plated out on the whole
surface-area of the petri dish. Serial dilutions were performed as a 1 in 10 dilution.
The detection limit of this procedure was 1 cfu . ml-1. If the number of microorganisms
fell below the detection limit, i. e. no viable microorganisms have been found, the values
were set at detection limit in the graphical representations.

3.3.4 Statistical analysis
Data presented were mean of the logarithmic values of replicated experiments. Significant
differences among non-treated references and countable plasma-treated samples were
determined by the independent two-sample t-test for unequal variances also known as
Welch's t-test. For calculation, the T.Test function implemented in Microsoft® Excel was
used.

3.4 Results
The investigation of antibacterial effects of PPW, PPP, PPB and HNO3 on different
bacterial suspensions was based on a previous work with the use of PPA and PPW
(Schnabel, Niquet et al. 2012a, 2012b; Schnabel, Sydow et al. 2015).
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The optimized plasma parameters for PPA production and the subsequent preparation of
PPW were taken from the latter publications.
3.4.1 Inactivation of bacterial suspensions of phytopathogen P. fluorescens
The investigations with bacterial suspensions of P. fluorescens, DSMZ and RIPAC strain,
in combination with PPW, PPP, PPB and HNO3 were done under the aspect to compare
a non-buffered plasma processed liquid which is commonly used in food industry and
elsewhere with weak and strong buffered plasma processed liquids as well as a
non-plasma processed liquid with comparable pH values and containing RNS (reactive
nitrogen species). These possible RNS are also produced within the used microwave
generated PPA and could dissolve in distilled water. By pipetting, the plasma processed
liquids (PPL) and HNO3 were added to the bacterial suspensions of P. fluorescens in
concentrations of 106 cfu . ml-1.
The PPA, used for the generation of PPW, PPP and PPB, was generated in three different
concentrations achieved by a 5, 15 and 50 second microwave plasma ignition
(pre-treatment time). The post-treatment times of the plasma processed liquids were 1, 3
and 5 minutes. The timescales reflected the time of contact between bacterial suspensions
and PPL, before nutrient broth was used to stop the possible reactions.
The analysis with plasma processed PBS was done because this solution would have a
mild buffering effect. The dissolved salts of sodium chloride, potassium chloride and
phosphates should react with chemical reactive compounds of PPA and therefore less
antibacterial species may be available to inactivate the bacteria in the suspension. To
investigate the buffering effect of non-organic and organic components to the
antimicrobial efficacy of PPW is important due to its possible applications in food
industry on organic matter.
Commonly, microorganisms, which occur in food industry and processing, are in contact
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with complex media, like the product itself or washing and rinsing liquids. Within this
environment biofilm, forming can occur easily. Therefore, the agents used for cleaning
should be compatible to the buffering capacity of these complex media. This means the
antibacterial components should not be decomposed or a sufficient amount of
antibacterial species should remain.
All bacterial suspensions were treated with PPB generated by microwave PPA treatment
of nutrient broth. The used nutrient broth was dependent on the used bacterial strain. The
PPA was generated in three different concentrations by a 5, 15 and 50 second microwave
plasma ignition (pre-treatment time) whereas the post-treatment times of the PPB were 1,
3, and 5 minutes. This was the time of contact between the bacterial suspension and the
PPB.
The experiments with PPL made from distilled water, PBS and nutrient broth showed a
dependency of bacterial inactivation between pre-treatment time, post-treatment time and
the pH-value. However, a complex chemistry also happens when PPA gets into contact
with the PPLs. To exclude that the pH-value change is not the only cause for the observed
inactivation kinetics, a HNO3 solution in different antimicrobial effective pH-values was
investigated. Therefore, pH-values comparable to the lowest ones of each PPL, pH 3.5 of
HNO3 compared to pH 3.0 of PPB after 50 s pre-treatment time, pH 2.5 of HNO3
compared to pH 2.8 of PPP after 50 s pre-treatment time and pH 1.5 of HNO3 compared
to pH 1.1 of PPW after 50 s pre-treatment time, were examined.
Experimental results (Figure 17) showed an antibacterial reduction of 6.6 log10-steps for
P. fluorescens (DSMZ strain) and 7.0 log10-steps for P. fluorescens (RIPAC strain)
maximum. Inactivation kinetics observed for 5 seconds/pH 3.5 and 50 seconds/pH 1.5
pre-treatment are comparable for both P. fluorescencs strains. Five seconds plasma
treated PBS and nutrient broth as well as HNO3 solution with a pH value of 3.5 resulted
in 0.6 log10-step reduction for DSMZ strain and in 2.4 log10-steps reduction for RIPAC
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strain maximum. Only the PPW treatment led to higher reduction rates. For P. fluorescens
DSMZ strain 4.4 log10-steps and for RIPAC strain 5.0 log10-steps inactivation was
received. In nearly all cases for these treatment parameters, a tailing after 1-minute
post-treatment time was gained. In the case of 50 seconds plasma treated liquids or a
HNO3 solution with a pH value of 1.5 the lowest decrease for P. fluorescens was 0.9 and
1.3 log10-steps, respectively. The worst inactivation kinetics with a maximal decrease of
4.5 and 3.3 log10-steps was seen for HNO3 solution. The detection limit was reached for
both strains with PPW after 1-minute post-treatment time, with PPP after 3 minutes’ posttreatment and with PPB within 1 up to 3 minutes. In between these results, the ones for
15 seconds pre-treatment of PPL and HNO3 with pH value of 2.5 are located. Here the
strains showed different behavior. However, PPW had the strongest (5.4 and
7.0 log10-steps) inactivation capacity and PPP the lowest (0.6 log10-steps). The
combination of P. fluorescens DSMZ strain and PPB led to no inactivation; with HNO3
this strain had up to 3.1 log10-steps reduction. In the case of P. fluorescens RIPAC strain
the behavior was slightly different. Here the treatment with 15 seconds pre-treated PPB
led to 2.4 log10-steps decrease and HNO3 with pH 2.5 to 2.8 log10-steps inactivation
maximum.
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Treatment:

PPW;

PPP;
B.1

A.2

B.2

A.3

B.3

PPB;

HNO3
Pre. time 5 s, pH 3.5

A.1
6
4

Pre. time 15 s, pH 2.5

0
6
4
2
0

Pre. time 50 s, pH 1.5

log average of survivors / cfu·ml-1

2

6
4
2
0
0

1

2

3

4

5 0

1

2

3

4

post-treatment time / min
Figure 17: Results of the PPL and HNO3 treatment of bacterial suspensions
(2.5 ml). P. fluorescens DSM 50090 (A) and P. fluorescens RIPAC (B) in
concentrations of 106 cfu . ml-1 were investigated. After a plasma ignition for
5 seconds (pre-treatment time) or pH 3.5, respectively (A1/B1), for 15
seconds or pH 2.5, respectively (A2/B2) and for 50 seconds or pH 1.5,
respectively (A3/B3), the suspensions were incubated with plasma processed
liquids (PPL) or HNO3 in durations of 1, 3 and 5 minutes (post-treatment
time). The average of three experiments is shown. Experiments were done
with n=3.
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3.4.2 Inactivation of bacterial suspensions of phytopathogens P. marginalis
and P. carotovorum
Experimental results (Figure 18) showed an antibacterial reduction of 6.2 log10-steps for
P. marginalis and 6.3 log10-steps for P. carotovorum maximum. Inactivation kinetics
observed for 5 seconds/pH 3.5 and 50 seconds/pH 1.5 pre-treatment are comparable for
both investigated strains, furthermore the gained kinetics for P. marginalis are very close
to the ones received for P. fluorecens strains (Figure 17 A and B). Five seconds plasma
treated PBS and nutrient broth as well as HNO3 solution with a pH value of 3.5 resulted
in 0.1 log10-step reduction for P. marginalis and in 0.3 log10-steps reduction for
Pectobacterium strain maximum. Only the PPW treatment led to higher reduction rates.
For P. marginalis 6.2 log10-steps and for P. carotovorum 6.3 log10-steps inactivation was
received. In all cases of PPP, PPB and HNO3 for these treatment parameters a tailing after
1-minute post-treatment time was gained. In the case of 50 seconds plasma treated liquids
or a HNO3 solution with a pH value of 1.5 the lowest decrease for P. marginalis was 1.7
and for P. carotovorum 4.3 log10-steps, respectively. The worst inactivation kinetics was
seen for PPB and HNO3 solution within P. marginalis treatment and for PPP in
P. carotovorum treatment. The detection limit was reached for both strains with PPW
after 1-minute post-treatment time, with PPP after 1-minute and 5 minutes’
post-treatment, with PPB and HNO3 within 5 minutes’ post-treatment time
(P. marginalis) and 1-minute post-treatment for P. carotovorum. In between these results,
the ones for 15 seconds pre-treatment of PPL and HNO3 with pH value of 2.5 are located
(Figure 18 C2/D2). Here the strains showed different behavior. However, PPW had the
strongest (6.2 and 6.3 log10-steps) inactivation capacity and PPP as well as PPB the lowest
(0.0 to 0.4 log10-steps). The combination of P. marginalis and HNO3 led to 2.2 log10-steps
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inactivation. In the case of P. carotovorum the behavior was different. Here the treatment
with HNO3 with pH 2.5 resulted in 0.8 log10-steps inactivation maximum.

Treatment:

PPW;

PPP;
D.1

C.2

D.2

C.3

D.3

PPB;

HNO3
Pre. time 5 s, pH 3.5

C.1
6
4

Pre. time 15 s, pH 2.5

0
6
4
2
0

Pre. time 50 s, pH 1.5

log average of survivors / cfu·ml-1

2

6
4
2
0
0

1

2

3

4

5 0

1

2

3

4

5

post-treatment time / min
Figure 18: Results of the PPL and HNO3 treatment of bacterial suspensions
(2.5 ml). P. marginalis (C) and P. carotovorum (D) in concentrations of
106 cfu . ml-1 were investigated. After a plasma ignition for 5 secons (pretreatment time) or pH 3.5, respectively (C1/D1), for 15 seconds or pH 2.5,
respectively (C2/D2) and for 50 seconds or pH 1.5, respectively (C3/D3), the
suspensions were incubated with plasma processed liquids (PPL) or HNO3 in
durations of 1, 3 and 5 minutes (post-treatment time). The average of three
experiments is shown. Experiments were done with n=3.
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3.4.3 Inactivation of bacteria suspensions of human pathogens E. coli
and L. innocua
Experimental results (Figure 19) showed an antibacterial reduction of 6.5 log10-steps for
E. coli and 6.2 log10-steps for L. innocua maximum. Inactivation kinetics observed for 5
seconds/pH 3.5 and 15 seconds/pH 2.5 pre-treatment are comparable for both investigated
strains. The inactivation kinetics in all used parameter combinations are different from
the ones gained for the phytopathogens (Figure 17 and Figure 18). Five seconds plasma
treated PBS and nutrient broth as well as HNO3 solution with a pH value of 3.5 resulted
in 0.5 log10-step reduction for E. coli and in 0.0 log10-steps reduction for L. innocua
maximum. Only the PPW treatment led to higher reduction rates. For E. coli 2.0
log10-steps and for L. innocua 0.8 log10-steps inactivation was received. In the case of 15
seconds plasma treated liquids or a HNO3 solution with a pH value of 2.5 the lowest
decrease for E. coli was 0.0 and for L. innocua 0.0 log10-steps, respectively. The worst
inactivation kinetics was seen for PPP, PPB and HNO3 solution within both strains. The
detection limit was not reached for both strains with PPW after 5-minutes’ post-treatment
time. However, a maximum reduction of 3.0 log10-steps for E. coli and 2.4 log10-steps of
L. innocua was seen. The results for 50 seconds pre-treatment of PPL and HNO3 with pH
value of 1.5 are shown in Figure 19 E3/F3. Here the strains showed a little different
behavior. However, PPW and PPP had the strongest (6.5/ 5.9 and 6.2/ 5.8 log10-steps)
inactivation capacity and HNO3 as well as PPB the lowest (1.6 to 0.6 log10-steps).
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PPB;

HNO3
Pre. time 5 s, pH 3.5

F.1

6
4

A

F.2

E.2

Pre. time 15 s, pH 2.5

0

D

6
4
2

B

E

0
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E.3

Pre. time 50 s, pH 1.5
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6
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C

F

0
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4

5 0
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3

4

5

post-treatment time / min

Figure 19: Results of the PPL and HNO3 treatment of bacterial suspensions
(2.5 ml). E. coli (E) and L. innocua (F) in concentrations of 106 cfu . ml-1 were
investigated. After a plasma ignition for 5 seconds (pre-treatment time) or pH
3.5, respectively (E1/F1), for 15 seconds or pH 2.5, respectively (E2/F2) and
for 50 seconds or pH 1.5, respectively (E3/F3), the suspensions were
incubated with plasma processed liquids (PPL) or HNO3 in durations of 1, 3
and 5 minutes (post-treatment time). The average of three experiments is
shown. Experiments were done with n=3.
The gained results within these experiments clearly showed that not only the pH-value is
responsible for the observed inactivation of bacteria by PPW. A deeper insight into the
gas composition of PPA and more chemical analysis of PPW may offer new aspects for
the responsible inactivation mechanisms of PPW. This will be investigated in future
studies.
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3.4.4 Statistical analysis
The results of statistical analysis of the experimental data presented in Figure 17 to 19 are
shown in the Tables 5 to 8. It is obvious that for all reduction above one order of
magnitude, the experimental data are significant different to the control.
Table 5: Results of the statistical analysis done with the t-test for PPW (plasma
processed water). The shown values are the p-values multiplied by 1000 for better
readability of the table.

pre-reatment time (s)
post-treatment time (min)
E. coli
P. fluorescens DSM
P. fluorescens RIPAC
P. marginalis
P. carotovorum
L. innocua

PPW (plasma processed water)
p-values x 1000
5
15
50
1 3 5 1 3 5 1 3 5
2
25
78
15
3

2
25
78
15
3

2
25
78
15
3

2
25
78
15
3

2
25
78
15
3

2
25
78
15
3

2
25
78
15
3

2
25
78
15
3

2
25
78
15
3

1

0

0

0

1

1

1

1

1

Table 6: Results of statistical analysis done with the t-test for PPP (plasma processed
PBS). The shown values are the p-values multiplied by 1000 for better readability of the
table.

pre-reatment time (s)
post-treatment time (min)
E. coli
P. fluorescens DSM
P. fluorescens RIPAC
P. marginalis
P. carotovorum
L. innocua

PPP (plasma processed PBS)
p-values x 1000
5
15
50
1 3 5 1 3 5 1 3 5
896 896 896 896 522 272 896
5
5
5
5
5
5
0
212 46 62 33 67 44 25
422 623 239 123 40 70
0
187 679 36 17 21 22 12
641 211 836 114 124 584

75

3

89
3
22
0
12

86
3
22
0
12

3

3

Table 7: Results of statistical analysis done with the t-test for PPB (plasma processed
broth). The shown values are the p-values multiplied by 1000 for better readability of
the table.

pre-reatment time (s)
post-treatment time (min)
E. coli
P. fluorescens DSM
P. fluorescens RIPAC
P. marginalis
P. carotovorum
L. innocua

PPB (plasma processed broth)
p-values x 1000
5
15
50
1 3 5 1 3 5 1 3 5
750 750 750 750

750 750 182

469 417 676 117

170 499

237 237 225 225

225 225 224

27

9

44

94

359 342 410 302
50 299 582 136

182 182

1

425 235

1

224 224

0

846 556 226
244 271

1

0

0

226 226

0

1

2

Table 8: Results of statistical analysis done with the t-test for HNO3. The shown values
are the p-values multiplied by 1000 for better readability of the table.

HNO3
p-values x 1000
pH value
post-treatment time (min)
E. coli
P. fluorescens DSM
P. fluorescens RIPAC
P. marginalis
P. carotovorum
L. innocua

3.5
3

1

5

1

2.5
3

5

1

1.5
3

5

112
139

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

8

0

0

0

0

0

0

0

0

921 460 478

7

6

6

6

6

6

150 303 528

2

6

0

2

2

2

637 846 542 982 806 938 101
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3.5 Discussion
In the manufacture of food, good hygiene is a key part of the quality assurance, i.e.
ensuring that the product is within the microbial specifications appropriate to its use. Poor
hygienic conditions and inadequate sanitation will result in healthcare-associated
infections and foodborne diseases as well as high production losses in food industry.
Therefore, the inactivation of human- and phytopathogens is of great interest in many
social and economic fields.
Some typical human pathogens, which can be found in food, are E. coli,
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L. monocytogenes, Salmonella, Yersinia, S. aureus – even MRSA (methicillin-resistant
S. aureus) and ORSA (oxacillin-resistant S. aureus), Clostridium and Aspergillus. In a
selection of phytopathogens many molds (e.g. Fusarium), oomycetes, Xanthomonas,
Erwinia including the new group of Pectobacteria and Pseudomonas can be found
(DGE 2007; Rico, Martín-Diana et al. 2007).
The investigated bacteria represent possible food contaminations, gram-positive and
gram-negative, which are often responsible for human or plant diseases.
Non-thermal plasma treatment of foods is a promising technology in that it acts rapidly,
does not leave toxic residuals on processed parts or in the exhaust gas and the temperature
rise can be kept at an acceptable level (Francis, Thomas et al. 1999).
The combination of plasma species with a non-thermal treatment mode makes nonthermal plasmas particularly suited for decontamination in food processing settings
(Matthews 2006; Tendero, Tixier et al. 2006; Conrads, Schmidt 2000; Lang, Ingham et
al. 2000; Itoh, Sugita-Konishi et al. 1998). This process is practical, inexpensive, and
suitable for decontamination of products where heat is not desirable (Ehlbeck, Schnabel
et al. 2011).
For the inactivation of E. coli, Pseudomonas and other microorganisms by microwave
generated PPW, PPP, PPB described within, only physical stresses by chemical, acidic,
and biocidal agents are important. Other stresses such as temperature, pressure, or
radiation can be excluded due to the experimental set-up.
The observed kinetics of antimicrobial inactivation of the investigated microorganisms
with PPW, PPP, PPB and HNO3 are very different. The buffering effect of different
solutions was clearly demonstrated. If there was an inactivation by the plasma processed
liquid its best result was gained for a 50 seconds pre-treatment time.
Here, the reason could be the accumulation of antibacterial agents, which was gained by
increasing the pre-treatment time from 5 up to 50 seconds.
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For sanitizing products, chlorinated water is also used which includes several
disadvantages. Other agents are hydrogen peroxide or lactic acid (Fridman 2008; Moisan,
Barbeau et al. 2001). The inactivation mode of lactic acid can be attributed to an
acidification process causing depression of the inner pH of microbial cells by ionization
of the undissociated acid molecules or disruption of the substrate transport by alteration
of the cell-membrane permeability. Additionally, foodborne bacteria cannot grow at
pH-values lower than about 4.0. During the treatment of bacterial suspension in this study,
an acidification on the PPW, PPP and PPB was observed and may lead to a similar
inactivation mode comparable to the observed lactic acid mode.
Due to the plasma set-up and dry air (below 32 % relative humidity) as working gas,
chemical reactions and species mainly based on RNS (reactive nitrogen species) are
expected. Nitrogen and oxygen in air react to nitrogen monoxide (NO*), which further
leads to the generation of nitrogen dioxide (NO2*) with oxygen (O2). NO* and NO2* are
two stable radicals with known antimicrobial effectivity. Nitrogen monoxide may also
react with ozone (O3) to nitrogen dioxide and oxygen. Together, both radicals (NO*,
NO2*) can form dinitrogen trioxide (N2O3), which may react with ozone to nitrogen
trioxide radical (NO3*) via dinitrogen hexoxide (N2O6). Another product might be
peroxynitrite (ONOO-) throughout the reaction of NO* with superoxide radical
(O2*-) (Kogelschatz 2004; Suchentrunk, Staudigl et al. 1997).
All these reactions are possible in dry air after plasma ignition. Taking into account that
this processed air was combined with 10 ml distilled water or other liquids, other chemical
reactions may happen. NO*, O2 and water (H2O) react to nitrite (NO2-) and hydrogen
(H+). If instead of nitrogen monoxide NO2* reacts with the other two molecules, H+ and
nitrate (NO3-) are the products. N2O3 is generated in gas and also gas/ water phase and
may react with H2O to nitrite and hydrogen again.
Two radicals, NO3* and NO2* form dinitrogen pentoxide (N2O5) under the influence of
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water (Kogelschatz 2004; Suchentrunk, Staudigl et al. 1997). The latter can react with
water to nitrate and hydrogen. The occurrence of OH radicals was not detected. Reasons
may be the absence of oxygen radicals (O*) due to no energy intake. A further possibility
may be water clusters such as (H2O)NO or (H2O)OH.
The experiments showed a strong acidification, which might be a result of nitrous acid
(HNO2) and nitric acid (HNO3), the final end product of all reactions.
Usually HNO2 decays to hydrogen (H+) and nitrite (NO2-), but a pH-value beneath 2.75
could lead to a spontaneous forming of OH* and NO* radicals.
Most of the mentioned ions, radicals and molecules are highly toxic for microorganisms
and the chemical cocktail as well as the pH shift may result in the gained inactivation.
Further investigations on reactive species densities will provide a better insight into the
chemical and biochemical processes underlying the antimicrobial effects observed and
assumed in the presented work. Apart from that, the exploration of the mechanisms of
inactivation of the target microorganisms might reveal relevant details about the plasma
inactivation process´s.
Due to their different formation and composition of cell walls and membranes, commonly
Gram-negative bacteria are less resistant than Gram-positives, which are followed by
fungus, conidiospores and endospores for the treatment by physical plasmas (Knorr,
Fröhling et al. 2011). This influence could also be observed in our results. However, no
significant difference in the inactivation kinetics for Gram-negative E. coli as well as the
Gram-positive L. innocua is observed. Maybe E. coli has specific defense mechanisms
against RNS and/or acidification. Additionally, a higher impact of reactive oxygen
species (ROS) as ozone or hydrogen peroxide in air and in water to affect bacteria walls
due to lipid oxidation (Fernández-Gutierrez, Pedrow et al. 2010; Volin, Denes et al. 2000)
may play a role compared to RNS, which are needed to generate the PPW.
Because nitric acid could be generated in the plasma processed liquids, especially in the
79

PPW it was investigated separately with low pH-values. The results showed that only a
very strong acidified HNO3 solution led to comparable inactivation rates. An
antimicrobial effect of PPW exclusively based on HNO3 formation and increased
acidification can be excluded. However, the acidification strongly supports the
inactivation process, which was proved by using the buffering solutions PBS and nutrient
broth.
As described before, the formation of RNS, especially NO*, occurs in the presented
plasma set-up. The achieved microbicide effects indicate the antimicrobial efficiency of
generated RNS.

3.6 Conclusion
The new and innovative method for the generation of antimicrobial active water presented
within this work showed a possible inactivation of six different microorganisms with
microwave plasma processed water (PPW) based on distilled water, with microwave
plasma processed PBS (PPP) and with microwave plasma processed broth (PPB). A
significant dependency of inactivation efficiency due to used microorganism, their
resistance to plasma-chemical components, acidification and the treatment times was
detected. Buffering solutions and environments can affect the antibacterial efficacy of
PPW. With regard to the final pH-value in the sanitizing solution, this effect is not
excluding this plasma process for decontamination processes. However, the promising
results and the advantages of plasma processed water (low-temperature, simple and cheap
generation, comparability to tap water rinsing, ozonized water, chlorinated water,
electrochemically activated water (ECA)) offer a wide range of possible applications.
The chemical interaction, especially the function of water solved RNS and ROS with
respect to microbial inactivation mechanisms should be further investigated.
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4. DECONTAMINATION OF FRESH-CUT ICEBERG LETTUCE AND FRESH
MUNG BEAN SPROUTS BY NON-THERMAL ATMOSPHERIC PRESSURE
PLASMA PROCESSED WATER (PTW)
The chapter 4 is based on /quotes the publication:
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). Modern Agricult. Sci. Technol. 1 (2015),
p. 23-39.
4.1 Summary
Currently used methods for decontamination and sanitation are antimicrobial
ineffective, generate high costs with a high consumption of water and chemicals
additionally. As an alternative, non-thermal plasma at atmospheric pressure could
be a versatile tool. Therefore, an experimental set-up based on a microwave-plasma
source, which generates plasma processed air (PPA) containing manifold RNSbased chemical and antimicrobial compounds, was used. The PPA was introduced
into distilled water or tap water to generate plasma processed water (PPW) which
can be applied for the decontamination of packaging material and fresh produce.
This is a new and innovative method for the generation of antimicrobial active
water. In our experiments, PET stripes, fresh-cut lettuce, and fresh sprouts were
contaminated with six different bacteria; Escherichia coli K12 (DSM 11250),
Pseudomonas fluorescens (DSM 50090), Pseudomonas fluorescens (RIPAC),
Pseudomonas

marginalis

(DSM

13124),

Pectobacterium

carotovorum

(DSM 30168) and Listeria innocua (DSM 20649); in a concentration of
108 cfu . ml-1 and subsequently treated with PPW. For PPW production, the plasma
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was ignited for 5, 15 or 50 s. After a post-plasma treatment with PPW of maximum
5 minutes, a decrease of bacterial load up to 6 log10 were detected for P. fluorescens
(DSM-strain) on PET, P. marginalis and P. carotovorum on salad. For all other
bacteria and specimen, the inactivation rate was lower. Furthermore, visual
examinations after eight days of storage showed only little influences on the texture
and the appearance of the tested specimens. The characteristics of plasma and its
generated cocktail of long living chemical compounds in air and in water leading
to a high bacterial inactivation and offering a wide range of possible applications.
4.2 Introduction
Fresh and fresh-cut produce have a limited shelf life of several days, which allows only a
regional distribution of that produce. The limited shelf life and the associated losses of
fresh produce have various causes, but especially depend on microbial contamination at
all stages in the value chain. The microbial contamination may also cause foodborne
illnesses, which occur annually and worldwide. Especially, produce like fresh-cut salad
and fresh sprouts are frequently affected. The U.S. Food and Drug Administration (FDA)
listed both, leafy greens and sprouts, under the ten riskiest foods in their Center for
Science in the Public Interest (CSPI) Report 2009. Whereby leafy greens are on the top
(CSPI 2009). European institutions and customer organizations like the German Institute
for Risk Assessment (BfR) are aware of the risk of food borne illnesses caused by
fresh-cut salad and sprouts, too (Stiftung Warentest 2013; BfR 2011).
Both products are pointed out to be loaded with high amounts of bacteria, even with
human pathogens like Listeria monocytogenes, under non-cooled and cooled conditions.
The European Food Safety Authority (EFSA) described in their zoonoses report of 2011
(EFSA 2013) 5648 reported food-borne outbreaks for 2011 with more than 200,000
confirmed human cases. The outbreaks were caused by Bacillus toxins, Campylobacter,
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Clostridium, E. coli (mainly Verotoxin-producing Escherichia coli (VTEC)), Listeria,
Yersinia and some others. Ready-to-eat salad and sprouts were also contaminated with
these microorganisms. In the E. coli outbreaks, 50 % of the involved products were
vegetables, juices, and other products thereof. One reason for this was a large outbreak of
haemolytic-uraemic syndrome (HUS) and bloody diarrhea associated with shiga-like
toxin-producing E. coli (STEC) O104:H4 infections occurred primarily in northern
Germany from May to July 2011. This outbreak is the largest recorded to date in Germany
and, based on the number of cases of HUS, is the largest outbreak of this sort worldwide.
Fenugreek sprouts were identified as the most likely vehicle of infection. In total, 3,793
STEC cases, including 827 HUS cases with death for 35 patients and 2,966 cases of acute
gastroenteritis with death for 18 patients, were reported. Internationally, 137 cases,
including 54 HUS cases, in 15 European and non-European countries related to the
outbreak were reported. This is just one example of the remarkable impact of foodborne
disease on the health of consumers and resulting direct and indirect consequences, costs
and losses. In general, a great demand regarding gentle sanitation in the production and
processing of fresh produce exists because of the significant economic importance.
Conventional methods of decontamination and cleaning of fresh food are based on rinsing
with water, which may contain high amounts of chemicals, e.g. chlorine (50-200 ppm),
chlorine dioxide or ozone. Although the poor stability of chlorine and the association of
chlorine with a possible formation of carcinogenic chlorinated compounds in water have
called the use of chlorine in food processing applications into question (Rico,
Martín-Diana et al. 2007; White 1999). Water containing disinfectant eliminates 3 to
4 log10 of microorganisms in solution and prevents them from attaching to the product
surface. However, once bacteria are attached or internalized, no effective method exists
to remove or destroy the contamination (Lang, Inghamet al. 2000; Itoh, Sugita-Konishi
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et al. 1998). Therefore, the development of environmentally friendly alternative
disinfection and cleaning methods is important, but also the product compatibility, costs,
environmental impact, impact on product quality and regulatory provisions have to be
taken into account (Matthews 2006). One possible alternative method could be the
application of non-thermal atmospheric pressure plasma.
Plasmas are ionized gases with a high proportion of free charged particles such as ions
and electrons. The application of non-thermal atmospheric pressure plasma is a discipline
with increasing attention in the field of food processing and an emerging non-thermal
technology for reducing microbial load on the surface of fresh and processed foods. Thus,
the potential applications of non-thermal atmospheric pressure plasma for the food
industry are manifold and it has specific potential for the treatment of foods (Pankaj,
Bueno-Ferrer et al. 2014; Afshari, Hosseini 2012; Niemira 2012). For example, dry
decontamination of food surfaces, granular and particulate foods, and sprouted seeds
could be carried out with that method. Furthermore, the surface of packaging material
could be sterilized (Misra, Tiwari et al. 2011; Tendero, Tixier et al. 2006;
Kogelschatz 2004).
Non-thermal plasma is implemented in the food industry for the decontamination of raw
agricultural products such as apples, lettuce, almonds, mangoes, melons, egg surfaces,
cooked meat, and cheese (Afshari, Hosseini 2012; Deng, Ruan et al. 2007). Non-thermal
plasma is also suitable for processes, in which high temperatures are not recommended
(Nehra, Kumar et al. 2008; Tendero, Tixier et al. 2006).
The results of investigations on inactivation kinetics due to plasma processed water of
two microbiological contaminated fresh produce and one contaminated plastic are
presented in this work. As fresh produce fresh-cut iceberg lettuce (Lactuca sativa) and
fresh mung bean (Vigna radiata) sprouts were examined. The investigated plastic was
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PET (Polyethylene terephthalate), which is a typical packaging material in food industry.
The microorganisms used in this study were the Gram-negatives Escherichia coli,
Pseudomonas marginalis, Pseudomonas fluorescens and Pectobacterium carotovorum as
well as the Gram-positive Listeria innocua.
4.3 Methodology
4.3.1 Investigated microorganisms and specimens
For microbiological experiments Escherichia coli K12 (DSM 11250), Pseudomonas
fluorescens (DSM 50090), Pseudomonas fluorescens (RIPAC), Pseudomonas marginalis
(DSM 13124), Pectobacterium carotovorum (DSM 30168) and Listeria innocua
(DSM 20649) were used in concentrations of 108 cfu . ml-1 suspended in sterile, distilled
water, see also Table 9. As specimens PET-stripes with dimensions of 32x8x2 mm, freshcut iceberg lettuce (Lactuca sativa) with pieces of 2x2 cm2 and fresh mung bean sprouts
(Vigna radiata) were investigated. For the two last, the amount of 10 g was contaminated.
The iceberg lettuce and the mung bean sprouts were bought at a local supermarket one
day before usage.

Table 9: Bacteria strains used in this work.
microorganism

DSM number

ATCC/ NCTC number

Escherichia coli
Pseudomonas
fluorescens
Pseudomonas
marginalis

DSM 11250
DSM 50090

NCTC 10538
ATCC 13525

DSM 13124

ATCC 10844

Pectobacterium
carotovorum
Listeria innocua

DSM 30168

ATCC 15713

DSM 20649

ATCC 33090

Pseudomonas
fluorescens (RIPAC)

directly isolated from cantaloupe, RIPAC number:
D13-0092-1-1-13
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Escherichia coli K12 (DSM 11250) and Listeria innocua (DSM 20649) were chosen due
to their relationship to enterohemorrhagic Escherichia coli (EHEC) O157:H7 and Listeria
monocytogenes, both human pathogens which could occur on food. However, the chosen
strains are classified as risk level 1 and therefore easy to handle.
Pseudomonas fluorescens (DSM 50090), Pseudomonas fluorescens (RIPAC),
Pseudomonas marginalis (DSM 13124) and Pectobacterium carotovorum (DSM 30168)
occur in soil or on plants and can cause spoilage of food or storage losses e.g. by soft rot.

4.3.2 Contamination of specimens
The PET-stripes, the fresh-cut lettuce and the fresh sprouts were contaminated with the
bacterial suspension by pipetting 100 µl suspension on the stripes or immerse the fresh
produce in 200 ml suspension with a concentration of 108 cfu . ml-1 for 5 minutes. The
lettuce and the sprouts were dried with a salad spinner or drained on a stainless steel sieve.
Afterwards, the fresh products were kept under sterile and cool conditions (7 °C) for
30 minutes and the suspension on the PET-stripes could dry under laminar flow for
2 hours.

4.3.3 Recovery of microbial contamination of each specimen
The recovery of microbial contamination or its residues on the specimens after
decontamination was realized by transferring them from the PPW beakers to ones with
nutrient broth (tryptic soy broth from Merck KGaA, Darmstadt, Germany or standard
nutrient broth I from Carl Roth GmbH+Co.KG, Karlsruhe, Germany). By shaking both
the PET-stripes and the fresh products in 10 ml and 30 ml broth for 10 minutes,
respectively and by using the surface-spread-plate count method with tryptic soy agar
(Merck KGaA, Darmstadt, Germany) or standard nutrient agar I (Carl Roth
GmbH+Co.KG, Karlsruhe, Germany) plates, the recovery was completed with an
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overnight cultivation in an incubator. The surface-spread-plate count method is a surface
counting method employed for aerobic bacteria. Therefore, 100 µl of all serial dilutions
of the broth were plated out on the whole surface-area of the petri dish. Serial dilutions
were performed as a 1 in 10 dilution.
The detection limit of this procedure was 1 cfu . ml-1. If the number of microorganisms
fell below the detection limit, i. e. no viable microorganisms have been found, the values
were set at detection limit in the graphical representations.

4.3.4 Decontamination by microwave plasma processed water (PPW)
and tap water (PPtW)
Non-thermal plasma treatment of the contaminated specimens was done with microwave
driven discharge processed gas in contact with water. The used microwave driven
discharge set-up is shown in Figure 20. The microwaves had a frequency of 2.45 GHz
and the supply power was in the range of 1.1 kW. Accordingly, the gas temperature was
about 4000 K at a gas flux of 18 slm air. The so-called generated PPA was introduced
into distilled water or tap water and the resulting PPW was then used to decontaminate
the PET-stripes as well as the fresh produce. The contaminated vegetable specimens were
placed in a 250 ml glass beaker and immersed in the PPW and PPtW or placed on a
stainless steel sieve and sprinkled with PPW. The contaminated PET-stripes were placed
in a lower shell of a sterile petri dish and covered with the PPW by pipetting 200 µl on
the specimens. The discharge was ignited for 5, 15 or 50 s. The specimens were treated
for 1, 3 and 5 minutes with the PPW or PPtW (post-treatment time). The observed
inactivation of microorganisms depended on the storage with long-lived reactive
chemical species in the water and acidification during post-plasma treatment time.
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Figure 20: Scheme of the microwave-setup for the generation of PPW (plasma
processed water) and of PPtW (plasma processed tap water) (Krohmann,
Neumann et al. 2005).

Measurements of the pH value were analyzed with a pH-meter (Multi 3420 – WTW
Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany) and the pH
electrode SenTix® Mic (pH 0-14/ 0-100 °C - WTW Wissenschaftlich-Technische
Werkstätten GmbH, Weilheim, Germany) directly after PPW or PPtW generation. The
observed pH values in dependency of the plasma-on time are shown in Table 10.

Table 10: pH values of PPW and PPtW.
pre-treatment time (s)
0
5
15
50

PPW
6,06
1,94
1,56
1,28

PPtW
6,5
2,45
1,85
1,4

4.3.5 Statistical analysis
Data presented were mean of the logarithmic values of replicated experiments. Significant
differences among non-treated references and countable plasma-treated samples were
determined by the independent two-sample t-test for unequal variances also known as
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Welch's t-test. For calculation, the T.Test function implemented in Microsoft® Excel was
used.

4.3.6 Visual verification of product quality after PPW treatment
For the investigation of food quality for fresh-cut iceberg lettuce and fresh mung bean
sprouts after PPW treatment, a visual verification was carried out. Both, the fresh-cut
lettuce and the fresh sprouts were treated with the PPW under the same conditions used
for decontamination measurements. For each specimen, 10 g lettuce or sprouts were used.
The PPW was generated by PPA of 5, 15 and 50 seconds plasma on time (pre-treatment
time). The fresh produce was immersed in the PPW for 5 minutes post-treatment time.
After the treatment, the specimens were spinned or drained and finally stored at 7 °C in a
refrigerator for eight days. At day 0, 1, 6, 7 and 8 after storage all specimens were viewed
and photos were taken (Figure 25 and 26).
4.4 Results
The investigation of antimicrobial effects of PPW and PPtW (plasma processed tap
water) on fresh biological surfaces e.g. fresh produce were based on a previous work
with the use of PPA (Schnabel, Niquet et al. 2012a, 2012b).
The optimized plasma parameters for PPA production and the subsequent preparation of
PPW and PPtW were taken from the latter publications.
4.4.1 Inactivation of different bacteria on PET-stripes by PPW
The investigations with PET-stripes were done under the aspect to start with an artificial
but rough surface which is easy to handle and available. By pipetting, the complete area
of 256 mm2 was covered with all mentioned microbial suspensions in concentrations of
108 cfu . ml-1. The surface drying was controlled by visual inspection. All PET-stripes
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were treated with PPW generated by microwave PPA treatment of distilled water. The
PPA was generated in three different concentrations achieved by a 5, 15 and 50 second
microwave plasma ignition (pre-treatment time).The post-treatment times of the PPW
were 1, 3 and 5 minutes. The timescales reflected the time of contact between PET and
PPW. Experimental results (Figure 21) showed an antimicrobial reduction of 2.5 log10
steps for P. carotovorum up to 6.0 log10-steps for P. fluorescens (DSM-strain) maximum.
Apart from P. fluorescens (DSM-strain), all investigated bacteria showed similar
inactivation kinetics as well as a tailing after a 5-second plasma-on time. This indicates,
that a prolonged post-treatment time has no further significant influence. However,
regarding the increasing pre-treatment time, the inactivation capacity of PPW increased
(Figure 21 B and E). For the combination of E. coli and PET (Figure 21 A), a tailing also
for the pre-treatment time was gained and the need for a certain pre-treatment time which
must be exceeded to achieve higher inactivation rates was seen for Figure 21 C, D and F.
All gained results showed very small error bars.
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Figure 171: Results of the PPW treatment of PET-stripes (32x8x2 mm). PET-stripes
were contaminated with six different microorganisms – E. coli (A), P. fluorescens
DSM 50090 (B), P. fluorescens RIPAC (C), P. marginalis (D), P. carotovorum (E)
and L. innocua (F) in concentrations of 106 cfu . ml-1. After a plasma ignition for 5,
15 and 50 seconds (pre-treatment time) the PET-stripes were completely covered
with plasma processed water (PPW) in durations of 1, 3 and 5 minutes (posttreatment time). The average of three experiments is shown. Experiments were done
with n=3.

4.4.2 Inactivation of different bacteria on fresh-cut iceberg lettuce by PPW
The analysis with fresh-cut iceberg lettuce was done due to the fact that this produce is
commercially important, especially in the field/section of RTE food. The commercial
need of such a product is foiled by high production losses and a risk of foodborne illnesses
due to microbial contaminations.
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Fresh-cut iceberg lettuce is easy to handle, usually available throughout the year, and
offers an uneven surface. The complete head of lettuce was cut into pieces of 400 mm2
and for each specimen and 10 g were used. The fresh-cut lettuce was completely
immersed in all mentioned bacterial suspensions in concentrations of 108 cfu . ml-1. After
spinning, the specimen was stored in the refrigerator at 7 °C for 30 minutes.
All lettuce specimens were treated with PPW generated by microwave PPA treatment of
distilled water. The PPA was generated in three different concentrations by a 5, 15 and
50 second microwave plasma ignition (pre-treatment time) and the post-treatment times
of the PPW were 1, 3 and 5 minutes. The timescales reflected the time of contact between
fresh produce and PPW.
The experimental results (Figure 22) showed an antimicrobial reduction of 1.8 log10-steps
for P. fluorescens (DSMZ) up to 6.1 log10-steps for P. marginalis and P. carotovorum
maximum. The investigated bacteria from A to C (E. coli, P. fluorescens (DSMZ) and
P. fluorescens (RIPAC)) showed similar inactivation kinetics as well as a tailing after a
5-second plasma-on time. The bacteria from D to F (P. marginalis, P. carotovorum and
L. innocua) had also similar kinetics and showed tailing characteristics. However, with
the 50 seconds pre-treatment time the inactivating effects were very strong, in these three
cases the detection limit was reached after 1 to 3 minutes post-treatment time with very
high inactivation rates.
The observed results indicate, that a pre-treatment time for PPW-generation led to
increasing inactivation rates for E. coli. For the combination of P. fluorescens
(DSM-strain) and salad (Figure 22 B), a tailing also for the pre-treatment time was gained
and the need for a certain pre-treatment time, which must be exceeded to achieve higher
inactivation rates, was seen for Figure 22 C to F. All gained results showed very small
error bars. Due to microbial recoveries from specimen suspended in PPW,
microorganisms might strongly adhere to the fresh produce surfaces; the recovery
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difference from initial concentration to the reference was between 1.9 and 2.2 log10 steps.
In addition, the maximal 10 % increase in weight, due to produce immersion in bacterial
suspension at the contamination step, may be a reason.
4.4.3 Inactivation of different bacteria on fresh mung bean sprouts by PPW
Especially in the field of RTE food mung bean sprouts were also of commercial
importance, but with a high risk of foodborne illnesses dependent on microbial
contamination beginning at the step of packaging. Hence, fresh mung bean sprouts were
considered in an own series of tests, too. Fresh mung bean sprouts are easy to handle and
usually available throughout the year. They offer a large surface and thus a high release
of cell liquor by breaking inside the packaging and show many shadowing areas by
overlapping 10 g of commercially distributed sprouts were used for each sample and
completely immersed in all mentioned bacterial suspensions in concentrations of
108 cfu . ml-1. The contaminated sprouts drained on a stainless steel sieve in the
refrigerator at 7 °C for 30 minutes.
All sprouts specimens were treated with PPW generated by microwave PPA treatment of
distilled water. The PPA was generated in three different concentrations by a 5, 15 and
50 second microwave plasma ignition (pre-treatment time) whereas the post-treatment
times of the PPW were 1, 3, and 5 minutes. This was the time of contact between fresh
produce and PPW.
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Figure 22: Results of the PPW treatment of fresh-cut iceberg lettuce (10 g of 2x2 cm
pieces). Lettuce was contaminated with six different microorganisms – E. coli (A),
P. fluorescens DSM 50090 (B), P. fluorescens RIPAC (C), P. marginalis (D), P.
carotovorum (E) and L. innocua (F) in concentrations of 106 cfu . ml-1. After a
plasma ignition for 5, 15 and 50 seconds (pre-treatment time) the fresh-cut lettuce
was completely covered with plasma processed water (PPW) in durations of 1, 3
and 5 minutes (post-treatment time). The average of three experiments is shown.
Experiments were done with n=3.

The experimental results (Figure 23) showed an antimicrobial reduction of 2.5 log10-steps
for P. marginalis and P. carotovorum up to 3.5 log10-steps for all other bacteria
maximum. All inactivation kinetics showed a tailing or only a slight decrease after a
5-second plasma-on time. None of the investigated bacteria seemed to be specifically
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adapted to mung bean sprouts. The observed results indicate, that a pre-treatment time for
PPW-generation led to increasing inactivation rates for three bacterial strains (Figure 23
A, C and E). For P. fluorescens (DSM-strain) as well as for P. marginalis (Figure 23 B
and D), a tailing also for the pre-treatment time was gained and the need for a certain
pre-treatment time which must be exceeded to achieve higher inactivation rates was only
seen for P. carotovorum. All gained results showed very small error bars.
Due to microbial recoveries from specimen suspended in PPW, microorganisms might
strongly adhere to the fresh produce surfaces; the recovery difference from initial
concentration to the reference was between 0.8 and 1.6 log10-steps. In addition, the
maximal 10 % increase in weight, due to produce immersion in bacterial suspension at
the contamination step, may be a reason.
4.4.4 Inactivation of L. innocua on fresh-cut iceberg lettuce by sprinkled PPW or
by PPtW
The experiments with PPW made from distilled water and the immersion of the specimens
in it were for scientific aspects such as the exclusion of undefined parameters of the used
water or to ensure a complete PPW coverage of the produce surface, respectively.
However, due to the amounts of the used water, the laboratorial approach cannot be
translated into an industrial practice. Therefore, two different treatment options of PPW
for the decontamination of fresh produce were investigated.
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Figure 23: Results of the PPW treatment of fresh mung bean sprouts (10 g). Sprouts
were contaminated with six different microorganisms – E. coli (A), P. fluorescens
DSM 50090 (B), P. fluorescens RIPAC (C), P. marginalis (D), P. carotovorum (E)
and L. innocua (F) in concentrations of 106 cfu . ml-1. After a plasma ignition for 5,
15 and 50 seconds (pre-treatment time) the sprouts were completely covered with
plasma processed water (PPW) in durations of 1, 3 and 5 minutes (post-treatment
time). The average of three experiments is shown. Experiments were done with n=3.

The first one was to replace the PPW immersion by a sprinkling technique which covers
the lettuce with PPW and secondly, a replacement of the distilled water by tap water.
These investigations were carried out for iceberg lettuce contaminated with L. innocua.
For sprinkling the lettuce with PPW, it was placed on a stainless steel sieve with minimal
contact area. The experimental results (Figure 24) showed a maximum antimicrobial
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reduction of 2.8 log10-steps for both options. Compared to the standard PPW technique
(Figure 22F and 24A), the observed inactivation effects for sprinkled PPW and PPtW was
half of the values obtained by laboratory-based methods. However, these results were
only obtained for specimens treated under 50 seconds’ pre-treatment time conditions. For
shorter pre-treatment times, both alternatives showed a higher inactivation capability.
Again, the inactivation kinetics showed a tailing after a 5-second plasma-on time.
In Figure 24 the increasing pre-treatment time for PPW-generation resulted in the need to
exceed an inhibition threshold for the standard PPW technique (Figure 22F and 24A).
Usage of sprinkled PPW led to an increased inactivation (B) and of PPtW to a tailing also
for the pre-treatment time. All gained results showed very small error bars.

97

pre-treatment time:
5 s;
50 s;
detection limit

15 s;

6

A

4

log average of survivors / cfu·ml-1

2
0

B

6
4
2
0

C

6
4
2
0
0

1

2

3

4

5

post-treatment time / min

Figure 24: Results of the PPW treatment of fresh-cut iceberg lettuce (10 g of 2x2 cm
pieces). Lettuce was contaminated with L. innocua in concentrations of
106 cfu . ml-1. After a plasma ignition for 5, 15 and 50 seconds (pre-treatment time)
fresh-cut lettuce was (A) completely covered with PPW, (B) covered with PPW by
a sprinkling technique or (C) completely covered with PPtW in durations of 1, 3
and 5 minutes (post-treatment time). The average of three experiments is shown.
Experiments were done with n=3.
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4.4.5 Statistical analysis
The results of statistical analysis of the experimental data presented in Figures 21 to 24
are shown in the Tables 11 to 14. It is obvious that for all reduction above one order of
magnitude, the experimental data are significant different to the control.

Table 11: Results of the statistical analysis done with the t-test for PET-stripes. The shown
values are the p-values multiplied by 1000 for better readability of the table.

p-values x 1000
PET-stripes
5

pre-reatment time (s)

15

50

post-treatment time (min)

1

3

5

1

3

5

1

3

5

E. coli

23

23

22

22

22

22

22

22

22

4

4

4

4

4

4

4

4

4

P. fluorescens RIPAC

76

76

76

76

76

76

74

74

74

P. marginalis

75

75

75

75

75

75

74

74

74

P. fluorescens DSM

P. carotovorum
L. innocua

518 227 187 178 145 129 129 129 128
15

15

15

15

15

15

15

15

15

Table 12: Results of statistical analysis done with the t-test for fresh-cut iceberg lettuce.
The shown values are the p-values multiplied by 1000 for better readability of the table.

fresh-cut iceberg lettuce
p-values x 1000
5

pre-reatment time (s)
post-treatment time (min)
E. coli
P. fluorescens DSM
P. fluorescens RIPAC
P. marginalis
P. carotovorum
L. innocua

1

3

15
5

1

3

50
5

1

3

5

124 124 114 143 107 107 106 105 105
1

1

2

1

2

2

2

2

2

33

33

33

33

33

33

33

33

33

4

4

4

4

4

4

4

4

4

16

16

16

16

16

16

16

16

16

641 211 836 114 124 584

3

3

3
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Table 13: Results of statistical analysis done with the t-test for fresh mung bean sprouts.
The shown values are the p-values multiplied by 1000 for better readability of the table.

fresh mung bean sprouts
p-values x 1000
5

pre-reatment time (s)

15

post-treatment time (min)

1

3

E. coli

31

33 28 30

P. fluorescens DSM

33

32 32 32

P. fluorescens RIPAC
P. marginalis
P. carotovorum
L. innocua

3

5

3

1

3

3

50
3

5

28 28 29

28

28

32 32 32

32

32

3

3

3

3

5

3

1

3

79

85 85 80

77 77 76

76

76

130

58 57 61

57 54 53

53

53

11

14 13 13

13 12 12

12

12

Table 14: Results of statistical analysis done with the t-test for fresh-iceberg lettuce
contaminated with L. innocua. The shown values are the p-values multiplied by 1000 for
better readability of the table.

L. innocua
p-values x 1000
pre-reatment time (s)
post-treatment time (min)

5
1

3

15
5

1

3

50
5

1

3

immereged in PPW

641 211 836 114 124 584

sprinkled with PPW

114 109 109 107 106 106 105 105 105

immereged in PPtW

54

51

51

51

51

51

3

5

51

3

51

3

51

4.4.6 Visual verification of product quality after PPW treatment
The investigations described above were focused on the decontamination of fresh-cut
iceberg lettuce and fresh mung bean sprouts. In the context of food quality after a
PPW-plasma treatment, a subsequent visual verification of the lettuce and the sprouts was
carried out. Both, the fresh-cut lettuce and the fresh sprouts were treated with the PPW
under the same conditions used for decontamination measurements. However, the
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investigations were done for the longest post-treatment time of 5 minutes. For each
specimen, 10 g of lettuce or sprouts were used. After the treatment, the specimens were
spinned or drained and finally stored at 7 °C in a refrigerator up to eight days. At day 0,
1, 6, 7, and 8 after storage all specimens were viewed and photos were taken (Figure 25
and 26).
Fresh-cut iceberg lettuce had no significant difference to the untreated references. In all
cases, the sectional areas become slightly glassy and brownish after storage of eight days.
For the fresh mung bean sprouts, a significant difference between the untreated and
treated specimens was observed. The untreated samples became strongly glassy and cell
liquor was released. Compared to the references, the treated samples showed a slight
glassiness only for the 5 second plasma-generated PPW, for the 15 and 50 second ones
no influences were observed.

Figure 25: Results of the visual verifications of fresh-cut iceberg lettuce after PPW
treatment in duration of 5 minutes (post-treatment time). PPW production was done by
plasma ignitions for 5, 15 and 50 seconds (pre-treatment time). The specimens were
completely covered with PPW.
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Figure 26: Results of the visual verifications of fresh mung beans after PPW treatment
in duration of 5 minutes (post-treatment time). PPW production was done by plasma
ignitions for 5, 15 and 50 seconds (pre-treatment time). The specimens were completely
covered with PPW.
4.5 Discussion
In the manufacture of food, good hygiene is a key part of the quality assurance, i.e.
ensuring that the product is within the microbial specifications appropriate to its use. Poor
hygienic conditions and inadequate sanitation will result in healthcare-associated
infections and foodborne diseases as well as high production losses in food industry.
Therefore, the inactivation of human- and phyto-pathogens is of great interest in many
social and economic fields. Some typical human pathogens, which can be found in food,
are E. coli, L. monocytogenes, Salmonella, Yersinia, S. aureus – even MRSA
(methicillin-resistant S. aureus) and ORSA (oxacillin-resistant S. aureus), Clostridium
and Aspergillus. In a selection of phyto-pathogens many molds (e.g. Fusarium),
oomycetes, Xanthomonas, Erwinia including the new group of Pectobacteria and
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Pseudomonas can be found (EFSA 2013; Toth, Bell et al. 2003). The investigated bacteria
represent possible food contaminations, Gram-positive and Gram-negative, which are
often responsible for human or plant diseases. Non-thermal plasma treatment of foods is
a promising technology in that it acts rapidly, does not leave toxic residuals on processed
parts or in the exhaust gas and the temperature rise can be kept at an acceptable level
(Misra, Tiwari et al. 2011). The combination of plasma species with a non-thermal
treatment mode makes non-thermal plasmas particularly suited for decontamination in
food processing settings (Moreau, Orange et al. 2008; Perni, Shama et al. 2008; Critzer,
Kelly-Wintenberg et al. 2007; Yu, Perni et al. 2006; Marsili, Espie et al. 2002). This
process is practical, inexpensive, and suitable for decontamination of products where heat
is not desirable (Ragni, Berardinelli et al. 2010). For the inactivation of E. coli,
Pseudomonas and other microorganisms by microwave generated PPW, PPtW described
within, only physical stresses by chemical, acidic, and biocidal agents are important.
Other stresses such as temperature, pressure, or radiation can be excluded due to the
experimental set-up.
The observed kinetics of antimicrobial inactivation of the investigated microorganisms
on PET, lettuce, and sprouts are very different and in most cases, a tailing was observed
after 1 minute’s post-treatment time. One reason for this tailing may be an impact of the
PPW chemistry to the bacteria in that way that they may attach better to the rough
surfaces, which would influence the recovery process and the detection in the used
proliferation assay. Apart from a single case (P. fluorescens DSM 50090), every
PPW- and PPtW-treatment shows its best result for 50 seconds pre-treatment time. Here,
the reason could be the strong acidification, which was gained by increasing the pretreatment time from 5 up to 50 seconds. For sanitizing products, chlorinated water is also
used which includes several disadvantages. Other agents are hydrogen peroxide or lactic
acid (Wisniewski, Glatz et al. 2000; Cords, Dychdala 1993). The inactivation mode of
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lactic acid can be attributed to an acidification process causing depression of the inner pH
of microbial cells by ionization of the undissociated acid molecules or disruption of the
substrate transport by alteration of the cell-membrane permeability. Additionally,
foodborne bacteria cannot grow at pH-values lower than about 4.0. During the treatment
of contaminated specimen in this study, an acidification on the specimen’s environment
(PPW) was observed and may lead to a similar inactivation mode comparable to the
observed lactic acid mode.
Due to the plasma set-up and dry air (below 32 % relative humidity) as working gas,
chemical reactions and species mainly based on RNS (reactive nitrogen species) are
expected. Nitrogen and oxygen in air react to nitrogen monoxide (NO*), which further
leads to the generation of nitrogen dioxide (NO2*) with oxygen (O2). NO* and NO2* are
two stable radicals with known antimicrobial effectivity. Nitrogen monoxide may also
react with ozone (O3) to nitrogen dioxide and oxygen. Together, both radicals (NO*,
NO2*) can form dinitrogen trioxide (N2O3), which may react with ozone to nitrogen
trioxide radical (NO3*) via dinitrogen hexoxide (N2O6). Another product might be
peroxynitrite (ONOO-) throughout the reaction of NO* with superoxide radical
(O2*-) (von Woedtke, Oehmigen et al. 2012; Oehmigen, Hähnel et al. 2010).
All these reactions are possible in dry air after plasma ignition. Taking into account that
this processed air was combined with 10 or 30 ml distilled water, other chemical reactions
may happen. NO*, O2 and water (H2O) react to nitrite (NO2-) and hydrogen (H+). If
instead of nitrogen monoxide NO2* reacts with the other two molecules, H+ and nitrate
(NO3-) are the products. N2O3 is generated in gas and also gas/ water phase and may react
with H2O to nitrite and hydrogen again. Two radicals, NO3* and NO2* form dinitrogen
pentoxide (N2O5) under the influence of water (von Woedtke, Oehmigen et al. 2012;
Oehmigen, Hähnel et al. 2010). The latter can react with water to nitrate and hydrogen.
The occurrence of OH radicals was not detected. Reasons may be the absence of oxygen
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radicals (O*) due to no energy intake. A further possibility may be water clusters such as
(H2O)NO or (H2O)OH. The experiments showed a strong acidification, which might be
a result of nitrous acid (HNO2) and nitric acid (HNO3), the final product of all reactions.
Usually HNO2 decays to hydrogen (H+) and nitrite (NO2-), but a pH-value beneath 2.75
could lead to a spontaneous forming of OH* and NO* radicals.
Most of the mentioned ions, radicals and molecules are highly toxic for microorganisms
and the chemical cocktail as well as the pH shift may result in the gained inactivation.
Further investigations on reactive species densities will provide a better insight into the
chemical and biochemical processes underlying the antimicrobial effects observed and
assumed in the presented work. Apart from that, the exploration of the mechanisms of
inactivation of the target microorganisms might reveal relevant details about the plasma
inactivation process´s.
Due to their different formation and composition of cell walls and membranes, commonly
Gram-negative bacteria are less resistant than Gram-positives, which are followed by
fungus, conidiospores and endospores for the treatment by physical plasmas (Ehlbeck,
Schnabel et al. 2011). This influence could not be observed in our results. No significant
difference in the inactivation kinetics for Gram-negatives as well as the Gram-positive
L. innocua is observed. Maybe the excluded plasma stresses like temperature, pressure
and radiation, which occur under direct and semi-direct plasma treatment, are more
responsible for affecting the bacteria walls. Additionally a higher impact of reactive
oxygen species (ROS) as ozone or hydrogen peroxide in air and in water to affect bacteria
walls due to lipid oxidation (Gray, Gomaa et al. 1996; Chang, Younathan et al. 1961)
may play a role compared to RNS, which are needed to generate the PPW.
It is also very interesting why microorganisms can be inactivated by ROS and RNS and
the plant material is not or just slightly affected. In plants a local and systemic defense
mechanism against microbicide pathogens based on ROS and RNS already exist
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(Lindermayr, Sell et al. 2010; Lindermayr, Saalbach et al. 2005). NO* is an important
messenger in the defense signal pathways (Delledonne, Xia et al. 1998; Durner,
Wendehenne et al. 1998). It was shown to be a crucial regulator of many physiological
processes in plants, including stomatal closure and plant growth as well as development
(Lee, Wie et al. 2008; Seligman, Saviani et al. 2008; Zhang, Wang et al. 2006; Bethke,
Gubler et al. 2004; Pagnussat, Lanteri et al. 2003; Neill, Desikan et al. 2002a, 2002b).
Nitrogen monoxide can regulate these processes directly by governing gene transcription.
NO*-regulated genes are included in signal transduction, defense, cell death, transport,
basic metabolism, and production as well as degradation of ROS. The radicals react as
activators or inhibitors of enzymes, ion channels, transcription factors, and therefore
regulate specific processes during stress situations in plants. As described before, the
formation of RNS, especially NO*, occurs in the presented plasma set-up. The achieved
microbicide effects indicate the antimicrobial efficiency of generated RNS. Then treating
consumable food with a novel developed innovative technology like non-thermal
atmospheric pressure plasma as well as PPW described within the paper the food quality
should be taken under consideration, too. First publications confirmed an influence,
especially when plasma is directly interacting with the product. For instance, references
(Grzegorzewski, Ehlbeck et al. 2011; Grzegorzewski, Schlüter et al. 2009) investigated
the influence of a direct treatment of lamb’s lettuce by an atmospheric pressure plasma
jet to its phenolic profile. In studies with seeds, the post-plasma storage with PPA did not
affect the germination (Schnabel, Niquet et al. 2012b).
The food quality of investigated fresh-cut lettuce and fresh mung bean sprouts showed
for the first specimen no significant difference to the untreated references. In all cases,
the sectional areas become slightly glassy and brownish after storage of eight days. The
browning effect is due to enzymatic browning. The processing e.g. cutting of RTE lettuce
leads to injury of the plant tissue by cuts and fractures. Injuries lead to numerous wound
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stress reactions such as the increased synthesis of phenylalanine-ammonium lyase, even
in uninjured tissue areas. In a first step, this enzyme is responsible for the synthesis of
phenolic compounds and catalyzes the formation of cinnamic acid from phenylalanine.
Cinnamic acid is the initial compound for the formation of phenolic compounds, which
are oxidized to brown pigments by plant enzymes such as polyphenol oxidase. Through
the influence of oxygen and lack of inactivation of the plant's own enzymes in the
production process, enzymatic browning reactions occur within a few days (Eskin 1990).
For the fresh mung bean sprouts, a significant difference between the untreated and
treated specimens after a post-treatment time of 5 minutes and storage of eight days at
7 °C was observed. The untreated samples became strongly glassy and cell liquor was
released. Compared to the references, the treated samples showed a slightly glassiness
only for the 5 second plasma-generated PPW, for the 15 and 50 second plasma-generated
PPW no influence were seen. The positive results for the food quality of fresh sprouts
after an 8-day storage under cooled conditions may be due to the gained inactivation of
bacteria on the sprouts surface from very high levels of cfu . g-1 to medium levels. With
the PPW treatment, it was possible to prolong the fresh sprouts´ shelf life significantly
and to reduce the hazard of foodborne illness for the customer.
4.6 Conclusions
The new and innovative method for the generation of antimicrobial active water presented
within this work showed a possible inactivation of six different microorganisms with
microwave plasma processed water (PPW) based on distilled water or tap water as by
immersion or spraying.
To our knowledge, these are the first results of which were published with the direct use
of PPW for food decontamination. A significant dependency of inactivation efficiency
due to used microorganism, their resistance to plasma-chemical components, and surface
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was detected. In most cases, a tailing in the inactivation kinetics was observed. More
structured surfaces of vegetables offered cavities for the bacteria and therefore shade
effects, which can inhibit the effects of PPW. Preliminary investigations of quality aspects
of PPW-treated fresh produce showed only minimal influences at texture and appearance
for lettuce. The detected changes for sprouts showed the possibility to prolong the shelf
life significantly. It can be assumed that these effects be connected to PPW treatment.
The inactivation effects on bacteria by PPW depend on many parameters, such as plasma
source, gas mixture, specimen, specimens’ surface and bacterial species and
concentration. However, the promising results and the advantages of plasma processed
water (low-temperature, simple and cheap generation, comparability to tap water rinsing,
ozonized water, chlorinated water, electrochemically activated water (ECA)) offer a wide
range of possible applications.
The chemical interaction, especially the function of water solved RNS and ROS with
respect to microbial inactivation mechanisms and food interaction (food quality) should
be further investigated.
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5. SANITATION OF FRESH-CUT

ENDIVE LETTUCE BY PLASMA

PROCESSED TAP WATER (PPtW) – UP-SCALING TO INDUSTRIAL LEVEL
The chapter 5 is based on/ quotes the publication:
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. 53
(2019), pp. 45-55. DOI: https://doi.org/10.1016/j.ifset.2017.11.014.
5.1 Summary
The decontamination and sanitation methods currently used are mainly antimicrobial
ineffective, generate high costs with a high consumption of water and chemicals
(additives). As an alternative, non-thermal plasma at atmospheric pressure could be a
versatile tool. Therefore, a pilot-scaled set-up based on a microwave-plasma source that
generates plasma processed air (PPA), a gaseous mixture which contains manifold
RNS-based chemical compounds gaining, among others, the antimicrobial effectivity of
that mixture. The PPA was introduced to a water-processing device (WPD) to enrich tap
water. By this way, plasma processed tap water (PPtW), which can be applied for the
decontamination of packaging material, fresh produce and processing equipment, was
generated. This is a new and innovative method for the generation of antimicrobial active
plasma processed water. In our experiments, the native contamination of fresh-cut lettuce
treated with PPtW in a common washing process and the microbial load of the washing
water itself was investigated. Different treatment scenarios showed the influence of PPtW
to the fresh-cut lettuce and the washing water as well as the hygienic problems of
recontamination during the washing process. The characteristics of plasma and its
generated cocktail of long living chemical compounds in air and in water leading to a
significant bacterial inactivation and offering a wide range of possible applications.
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5.2 Introduction
A daily diet with fresh fruits and vegetables corresponds on the one hand with manifold
health benefits and on the other hand, with an increasing customers demand and
significant growth in fresh produce industry (FDA 2016). Fresh and fresh-cut produces
are defined as fruit or vegetable, which has been physically altered from its original form,
but keeps its freshness (IFPA 1999). Because of the fresh nature, mild processing
technologies and increased surfaces as consequence of the cutting process, these products
contain a very high microbial load (Beaulieu, Gorny 2002; Brackett 1994). The microbial
contamination may also cause foodborne illnesses, which occur annually and worldwide.
Especially, produce as fresh-cut salad is frequently affected. The U.S. Food and Drug
Administration (FDA) listed leafy greens under the ten riskiest foods in their Center for
Science in the Public Interest (CSPI) Report 2009 on the top (CSPI 2009). European
institutions and customer organizations like the German Institute for Risk Assessment
(BfR) are aware of the risk of food borne illnesses caused by fresh-cut salad, too (Stiftung
Warentest 2013; BfR 2011). Since fresh-cut lettuce is eaten raw, contaminations by
pathogen microorganisms at its surface in high concentrations are difficult to handle. The
initial microbiological contamination of fresh vegetables can range between 105 to
107 cfu . g-1 (Francis, Thomas et al. 1999). It is important to note that high microbial levels
per se are not necessarily of public health concerns. It is the presence and growth of
pathogenic microbes that is the concern. Most of these microorganisms are
Gram-negative bacteria (Oliveira, Usall et al. 2011; Francis, Thomas et al. 1999). The
European Food Safety Authority (EFSA) described in their zoonosis report of 2011
(EFSA 2013) 5648 reported food-borne outbreaks for 2011 with more than 200,000
confirmed human cases. The outbreaks were caused by Bacillus toxins, Campylobacter,
Clostridium, Escherichia coli (mainly Verotoxin-producing E. coli (VTEC)), Listeria,
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Yersinia and some others. Furthermore, viruses like the norovirus or hepatitis A virus can
cause disease outbreaks. Initial food contamination can occur during pre-harvest
processing by manure, contaminated water and poor handling practices. The primary
microbial load of fruits and vegetables can lead to cross contaminations during the
processing (Ahvenainen 1996). The postharvest biocidal wash to remove such
contaminations may lead to more control of human pathogens on produce (Beuchat 1999;
Beuchat, Ryu 1997). Therefore, disinfection and cleaning are the key operations of food
processing to assure food quality and safety.
In general, a great demand regarding gentle sanitation in the production and processing
of fresh produce exists because of the significant economic importance.
Conventional methods of decontamination and cleaning of fresh-cut lettuce are based on
rinsing with water, which may contain high amounts of chemicals, e.g. chlorine
(50-200 ppm), chlorine dioxide or ozone. Although the poor stability of chlorine and the
association of chlorine with a possible formation of carcinogenic chlorinated compounds
in water have called the use of chlorine in food processing applications into question
(Rico, Martín-Diana et al. 2007; White 1999). Water containing disinfectant eliminates
up to 3 - 4 lg10 of microorganisms in solution and prevents them from attaching to the
product surface. However, once bacteria are attached or internalized, no effective method
exists to remove or destroy the contamination (Lang, Ingham et al. 2000; Itoh,
Sugita-Konishi et al. 1998).
Therefore, the development of environmentally friendly alternative disinfection and
cleaning methods is important, but also the product compatibility, costs, environmental
influence, impact on product quality and regulatory provisions have to be taken into
account (Matthews 2006). One possible alternative method could be the application of
non-thermal atmospheric pressure plasma.
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Plasmas are ionized gases with a high proportion of free charged particles such as ions
and electrons. The application of non-thermal atmospheric pressure plasma is a discipline
with increasing attention in the field of food processing and an emerging non-thermal
technology for reducing microbial load on the surface of fresh and processed foods. Thus,
the potential applications of non-thermal atmospheric pressure plasma for the food
industry are manifold and it has specific potential for the treatment of foods (Pankaj,
Bueno-Ferrer et al. 2014; Afshari, Hosseini 2012; Niemira 2012). For example, dry
decontamination of food surfaces, granular and particulate foods, and sprouted seeds
could be carried out with that method. Furthermore, the surface of packaging material
could be sterilized (Misra, Tiwari et al. 2011; Tendero, Tixier et al. 2006; Kogelschatz
2004).
Non-thermal plasma is implemented in the food industry for the decontamination of raw
agricultural products such as apples, lettuce, almonds, mangoes, melons, egg surfaces,
cooked meat, and cheese (Afshari, Hosseini 2012; Deng, Ruan et al. 2007). Non-thermal
plasma is also suitable for processes, in which high temperatures are not recommended
(Nehra, Kumar et al. 2008; Tendero, Tixier et al. 2006).
Food produce with high water content may be untreatable by direct plasma due to drain
effects. Therefore, plasma treated water (PTW) provides many advantages like avoiding
drain effects, working with defined doses, storability and on-demand generation
compared to direct plasma treatment (Cullen, Lalor et al. 2017). PTW can be used as
transport medium of reactive species and antimicrobial components for food and surface
sanitation (Zhang, Liang et al. 2013). This method is comparable to ozonized or
chlorinated water in application mode and antimicrobial effects (Traylor, Traylor et al.
2011; Naitali, Kamgang-Youbi et al. 2010; Rico, Martín-Diana et al. 2007).
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Based on our previous published investigations (Schnabel, Niquet et al. 2016; Schnabel,
Sydow et al. 2015), within this publication the results of up scaling the sanitation
procedure based on PPW and the inactivation kinetics of native contaminations on
fresh-cut endive lettuce (Cichorium endivia) treated in a treatment station are presented.
Results for the chemical composition of PPW are included in basics and the food quality
by visual investigations was respected.
5.3 Methodology
In what follows, materials and methods used in the experiments are described. This
section embraces the whole range from the setup of the plasma source PLexc² framed by
the Auxiliary Decontamination Unit (ADU), which provides the PPA for the Water
Processing Device (WPD) to the microbial methods, which are used for the determination
of the reduction factors (RF). The different treatment scenarios are described as well as
specimens, detection of biological load and chemical composition of PPW.
5.3.1 Plasma source PLexc²
The used atmospheric pressure plasma source PLexc² was a two-stage microwave
(2.45 GHz) driven device based on the plasma source PLexc. The PLexc plasma source
is a single stage plasma torch and it is described in detail elsewhere (Krohmann, Neumann
et al. 2005). With its stable self-igniting ability, it was used as a technical basis for the
development of the PLexc2 (Krohmann, Neumann et al. 2005). By supplying additional
microwave energy in the second stage, the effluent was reignited to an active plasma,
processing the second gas feed. By combining this two microwave plasma sources in this
synergistic way, both goals of an increased gas throughput and stable operation condition
could be achieved. The injected power was 1.3 kW into the first stage and 1.7 kW into
the second, which excited 12 slm (standard liters per minute) and 80 slm of pressurized
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air, respectively. The plasma effluent of PLexc² is shown in Figure 27 as well as an
illustration of the plasma source.

Figure 27: Plasma effluent of PLexc2 (left) and on the right a scheme of the setup of the
microwave plasma source for the generation of PPA (Plasma Processed Air). In orange
the microwave ports, in cyan the gas feeds and in red the water cooling connections are
highlighted.

5.3.2 ADU and plasma processed air (PPA)
To maintain a microwave-induced atmospheric-pressure plasma several auxiliary systems
had to be provided and controlled. For that background, inputs like microwave energy
and gas flow, but also outputs like gas exhaust and waste heat were included. Usually, in
a scientific environment, most of these systems are provided by the infrastructure of the
scientific institution in an excellent matter. However, upscaling the processes to an
industrial scale, which means leaving the scientific environment, must consider these
auxiliary systems. Therefore, all required systems to maintain the plasma and to perform
the decontamination process were combined in the ADU.
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The microwave energy was generated by two 3 kW microwave systems (Muegge
MX3000D) including each a microwave head (Muegge MH3000S) with an integrated
circulator with water load to reject feedback from the plasma to the magnetrons. For
process controlling forward and reverse power were measured by directional couplers
(Muegge MW7009A) equipped with calibrated microwave power detectors (Muegge
MM1001B) at both microwave ports of the two-stage plasma source PLexc². To provide
a proper gas flow a pressured air system was installed consisting of a compressor (Kaeser
Car 250/30W), a dryer (Kaeser TAH 6), a filter (Kaeser FFG-6) and two mass flow
controllers (MKS 50 slm, 200 slm). The water cooling system of the ADU was divided
into a temperature regulate circuit (Thermo Scientific AC 200-A40) for cooling the
plasma source and a flow adjusted circuit using tap water for cooling the microwave
systems. Another important issue when working with plasma sources was the handling of
the waste gas, which can contain serious species like ozone or nitrogen dioxide.
Therefore, a ventilation system was installed with a capacity of 1.500 m³/h. All these
auxiliary components were powered, controlled and regulated by a process software
(National Instruments LabVIEW 2014) using a real-time input-output device (National
Instruments cRIO-9074) working with a cycle duration of 5 ms.
5.3.3 WPD and Plasma Processed Water (PPW) or tap water (PPtW)
The so-called generated PPA was introduced into distilled water or tap water and the
resulting PPW (Figure 30) was subsequently used for chemical analysis. The
decontamination of lettuce was done with PPtW based on tap water. To generate PPW
and PPtW in laboratory scale, a 1-litre glass bottle, filled with distilled or tap water, was
directly combined with the output of the first stage PLexc, see Figure 28. To achieve a
higher output of PPtW for decontamination of lettuce at industrial scale the WPD is used
diagrammed in Figure 29. The tap water inside the Intermediate Bulk Container (IBC)

115

was pumped continuously by a circular pump (Grundfos-Hilge Durietta) through a water
jet pump (Stübbe SP 820), in which PPA and water were mixed. The PPtW was processed
and stored in the IBC until the washing step in the treatment station.
The fresh-cut endive lettuce was placed at the entrance to the treatment station and then
transported to different washing stages with water or PPtW. The observed inactivation of
microorganisms depended on the interaction with long-lived reactive chemical species in
the water and acidification during PPtW-treatment time.

Figure 28: Schematic diagram of the microwave-setup for the generation of PPW
(Plasma Processed Water) at lab- scale.
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Figure 29: Schematic diagram of WPD for generating PPtW at industrial scale.

Figure 30: Complete setup of ADU containing PLexc² providing PPA for WPD storing
and feeding PPtW to the treatment station.
5.3.4 Specimen
The results obtained from the microbiological experiments of fresh-cut iceberg lettuce
PPW decontamination at lab scale were published previously (Schnabel, Sydow et al.
2015). The specimen for pilot scale experiments was changed to fresh-cut endive lettuce
due to industrial requirements. Fresh-cut endive lettuce (Cichorium endivia) was sized in
pieces of 2×2 cm2. A local producer delivered the endive lettuce on the same day of usage.
The specimens were not artificial contaminated; only the natural occurring contamination
was considered. Based on the composition of a naturally occurring microflora on an
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endive leaf, different types of microorganisms including well adapted and difficult to
reduce bacteria and fungi (mold, yeast) in its pathogenic and non-pathogenic forms were
expected. Behind that background, the target microorganisms in this work were nonpathogenic, aerobic bacteria and yeasts. The chosen medium and temperature for
cultivation were settled in respected to the necessary growth conditions.
To achieve a consistently similar contamination level, the lettuce was grown under the
same conditions and was harvested within two weeks. No pre-treatment or pre-washing
was done, unless it was a part of the investigated scenarios. For each investigated
scenario, 4.5 kg fresh-cut lettuce was used.
Decontamination of fresh-cut endive lettuce and detection of microbial load in the
washing water.
The decontamination of fresh-cut endive lettuce by PPtW was done in a self-constructed
treatment station (Loehrke GmbH, Lübeck, Germany), which included all important steps
for an industrial washing machine as can be seen in Figure 31. The different washing
steps included in the used treatment station were pre-rinsing, pre-washing, main washing,
and post-rinsing. Two pre-baths were added in front of the treatment station to reduce the
rough dirt. The cutting table was next to the pre-baths and the whole heads of lettuce were
washed in the pre-baths before cutting. Then the steps of the treatment station followed.
Different washing scenarios were investigated, as shown in Table 15.
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Table 15: Investigated washing scenarios with and without PPtW
scenario

pre-bath 1

pre-bath 2

pre-rinsing

10

1

s,

tap

water
2

3

180 s, PPtW

4

180 s, tap

10

water

water
10

s,

s,

pre-washing

120

s,

tap

water
tap

120

120

water

water

10 s, PPtW

120

s,

tap

30 s, PPtW

120

s,

tap

10

7

180 s, PPtW

s,

tap

120

water

water

30 s, PPtW

120

rinsing

180

s,

tap

180

180

s,

tap

180

s,

tap

tap

s,

tap

180

10 s, tap
water

s,

tap

10 s, tap
water

s,

tap

water
s,

10 s, tap
water

water

water
6

washing

water

water
5

post-

water

water
tap

main

10 s, tap
water

s,

tap

10 s, tap

water

water

180 s, PPtW

10 s, tap
water

s,

tap

180 s, PPtW

water

10 s, tap
water

Figure 31: Scheme of the treatment station, pre-baths and cutting table.
During the treatment fresh-cut endive lettuce and washing water samples were taken from
different sampling points of the treatment scenarios. From each sampling point 5 times
5 g fresh-cut endive lettuce were taken and packed in homogenizer bags with 45 ml
Ringer’s solution, 10 % Tween80 and 10 mg . l-1 sodium thiosulfate (Carl Roth GmbH +
Co. KG, Karlsruhe, Germany). For washing water investigations, samples of 20 ml were
taken and packed in 50 ml sterile reaction tubes with 67 µl sodium thiosulfate solution to
get a final concentration of 10 mg . l-1, this was repeated 5 times at each sampling point
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for each scenario. All packaged samples were cooled and delivered by overnight transport
to microbiological labs in Greifswald, Freising and Potsdam, all Germany.
Sampling points for treated fresh-cut endive lettuce were the feedstock (reference,
untreated), after pre-bathing (if done), after pre-rinsing, after pre-washing, after main
washing and after post-rinsing.
Sampling points for washing water were tap water (reference, directly taken from the tap),
at pre-baths (if used), at pre-washing, at main washing and at post-rinsing. The used tap
water showed no occurrence of molds, however aerobic bacteria and yeast were detected.
5.3.5 Recovery and detection of native contamination
To determine the grade of natural contamination on the fresh-cut endive lettuce after a
PPtW-treatment, the samples were homogenized in homogenizer bags for 1 minute at a
paddle speed of 260 rpm (Seward™ Stomacher™ Model 400C Circulator Lab Blender
(Seward Limited, Worthing, West Sussex, United Kingdom). Subsequently, the
suspension was used for dilutions and further investigations. For microbial load detection
of washing water, the samples were used directly for dilutions. By using the
surface-spread-plate count method with plate count agar (sifin diagnostics GmbH, Berlin,
Germany) plates, the recovery 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. Therefore, 100 µl of all serial dilutions of the broth were
plated out on the whole surface-area of the petri dish. Serial dilutions were performed as
a 1 in 10 dilutions. The detection limit of this procedure was 1 cfu . ml-1.
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5.3.6 Calculation of standard deviation of reduction and growth factors
The gained colony forming units for the PPtW-treated lettuce samples and the washing
water samples as well as their references were counted on agar plates and afterwards the
reduction factor (R) or the growth factor (G) calculated.
For fresh-cut lettuce specimens the reduction factor (R) was calculated as follows:
(1)

𝑅=
𝑛

∶ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑛

∶ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

The standard deviation of the reduction factor (ΔR) was calculated as follows:

Δ𝑅 =

⋅ Δ𝑛

=

⋅ Δ𝑛

(2)

(𝑖)

(3)

()

=−

Δ𝑅 =

+

(4)

()

()

⋅ Δ𝑛

+

Δ𝑛

∶ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

Δ𝑛

(𝑖) ∶ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖

()

⋅ Δ𝑛

(𝑖)

(5)

Δ𝑅 ∶ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
For washing water specimens, the growth factor (G) was calculated as follows:
(6)

𝐺=
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The standard deviation of the growth factor (ΔG) was calculated as follows:

Δ𝐺 =

⋅ Δ𝑛

(𝑖)

+

⋅ Δ𝑛

(8)

=
=

Δ𝐺 =

(7)

()

⋅ Δ𝑛

(9)

(𝑖)

+

()

⋅ Δ𝑛

(10)

5.3.7 Statistical analysis
To determine significance of the results Welch’s t-test was performed, with the nontreated references and countable treated samples. In detail, the independent two-sample
t-test for unequal variances calculated with the T.Test function in Microsoft® Excel was
used.
5.3.8 pH-measurement of PPW based on distilled and tap water
Measurements of the pH value were analyzed with a pH-meter (Multi 3420 — WTW
Wissenschaftlich- Technische Werkstätten GmbH, Weilheim, Germany) and the pH
electrode SenTix® Mic (pH 0-14/0-100°C — WTW Wissenschaftlich- Technische
Werkstätten GmbH, Weilheim, Germany) directly after PPW or PPtW generation. The
observed pH values, which were in dependency of the plasma-on time, are shown in
Table 16 and Table 17. For the measurements of PPW, the used water volume was 10 ml
of sterile, distilled water with 1.5 l working gas within 5 s of treatment. Mixing of PPA with
distilled water was realized by using a magnetic stirrer. For the mixture in an industrial
scale, the tap water was pumped and circulated in the IBC.
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Table 16: pH values of PPW for lab-scale (distilled water).
pre-treatment
time (s)

PPW

0

6.2 ± 0,005

5

2.0 ± 0,005

25

1.6 ± 0,005

50

1.4 ± 0,005

Table 17: pH values of PPtW used for different scenarios (industrial scale, tap water).
scenario

tap water/ PPtW

1

7.1 ± 0,005

2

7.1 ± 0,005

3

1.89 ± 0,005

4

1.92 ± 0,005

5

1.88 ± 0,005

6

1.96 ± 0,005

7 (pre-bath + main-wash)

1.84 ± 0,005

7 (pre-rinse)

1.79± 0,005

5.3.9 Detection of nitrite, nitrate and hydrogen peroxide in PPW
Nitrite concentrations are estimated by a color forming reaction using a commercially
available test kit (Spectroquant® Nitrite Test, Merck KGaA, Darmstadt, Germany). The
pH value of the probe has to be adjusted between 2.0 and 2.5. Therefore, samples were
officinal acidulated by sulfuric acid (H2SO4; Merck). For the detection reaction, nitrite
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reacts with sulfanilic acid and N-(1-naphthyl)-ethylene diamine hydrochloride via azo
sulfanilic acid to a magenta colored azo dye whose absorption lies at 525 nm and was
measured instantly.
Nitrate concentrations are estimated by a color forming reaction using a commercially
available test kit (Spectroquant® Nitrate Test, Merck KGaA, Darmstadt, Germany). In
sulphuric and phosphoric solutions nitrate ions react with 2,6-dimethylphenol (DMP) to
form 4-nitro-2,6-dimethylphenol that is determined photometrical at 340 nm. Reagents
are mixed and measured after instructions.
Hydrogen peroxide detection based on the reaction of titanyl sulfate to yellow-colored
peroxotitanyl sulfate, which was detected at 405 nm. For acidification to pH 2.0-2.5
sulfuric acid was used. For direct photometric analysis, the total absorption spectra have
been recorded from 200 nm up to 1 000 nm.
For

photometric

measurements,

an

UV

Spectrophotometer

UV-3100

PC

Spectrophotometer (VWR International GmbH, Hannover, Germany) was used.
5.3.10 Qualitative assessments
5.3.10.1 Instrumental color analysis
The color tests of the lettuce leaves were carried out using the CIELab system. For this
purpose, the portable colorimeter NH310 from 3nh (PCE Deutschland GmbH, Meschede,
Germany) was used. To determine the colorfulness (Chroma, generally expressed as a
C-value), the sensor of the instrument is placed directly on the sample, in this case the
lettuce leaf, The C-value was used for the evaluation, as it depicts a broad range of color
changes, which can be expected during the experiments (Pasquali, Stratakos et al. 2016).
For the four different treatment times of PPtW in scenario 4 (10 s), scenario 5 (30 s),
scenarios 3 and 6 (180 s) and scenario 7 (180 s +30 s + 180 s), reference samples and
treated leaves were examined in defined time periods after the end of the plasma
124

treatment. As a result, the leaves were examined immediately after treatment, after
2 hours and after 24 hours.
5.3.10.2 Instrumental texture analysis
In order to determine the impact of a plasma treatment on the produce texture, lettuce
samples were examined with the help of a texture-measuring device Texture Analyser
TAXT+ (WINOPAL Forschungsbedarf GmbH, Elze, Germany). This type of
examination can be used to investigate the effect of force on a foodstuff, which simulates
a bite or chewing.
Each 10 g sample was treated according to the same principle as for the color
examination. Again, four treatment times of 10 s, 30 s, 180 s and 390 s (in steps of
180+30+180 s) were obtained for the PPtW treated samples as well as the control samples
treated with tap water. The samples were placed on paper towels to remove excess water.
Subsequently, the samples were either examined immediately or filled into foil bags and
stored at 4 - 6 °C in a refrigerated state for further examination. 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-section in the beaker and so the impact
of the force can 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 is lowered to only 95 % of its maximum extension by the
same amount of sample material, i.e. different forces were measured by a constant
extension of the gauge. Each measurement was initialized at a load of 100 g, which
removes cavities between the leaves of the sample. The force required to compress the
lettuce to the 95 % extension is measured.
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5.4 Results
5.4.1 Up-scaling of plasma source PLexc2 and WPD
Because of the advanced plasma source PLexc² the throughput of PPA could be increased
by approximately eight times without a loss in stability. Furthermore, the new plasma
source provides a wider range in adjustable power and gas flow. With this higher
throughput of PPA and the WPD the amount of produced PPW could be increased from
10 ml to 1.000 l. For generating 1.000 l of PPtW approximately 400 m³ of PPA were used.
5.4.2 Decontamination of fresh-cut endive lettuce by PPtW
The results of the investigations concerning the decontamination efficacy of PPtW for
fresh-cut endive lettuce within the treatment station are shown in the Figure 32, 33 and
34. In all figures, the logarithmic reduction factor for each washing step and the different
washing scenarios are shown. The usage of PPtW instead of common tap water is
highlighted in each graph by a magenta frame.
In detail, the experimental results showed increasing reduction factors as longer the
lettuce was washed. At main-washed and post-rinsed stage, the highest reduction was
achieved. Comparing scenario 1 and 2 (Figure 32) which differed in the usage of a
pre-bath, no positive hygienic influence by the pre-bath could be seen. Differences in
reduction height may be explained by inhomogeneous sample material and working
conditions (e.g. environmental temperature and relative humidity, increases were from
19 °C up to 31 °C and from 69 % up to 95 %, respectively, temperatures are given for
shadow sites) between morning and afternoon. However, the integration of PPtW into the
washing process at pre-bath stage (Figure 32, scenario 3) clearly increased the reduction
factor by nearly 2 lg-steps. Although recontamination occurred at pre-rinsed and
pre-washed stage, the all in all reduction stayed higher than in scenario 1 and 2 until the
post-rinse step was reached. In Figure 33 the effect of antimicrobial efficiency of PPtW
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on fresh-cut endive lettuce at the pre-rinsed stage can be seen. The temporal influence,
i. e. the interval length of 10 s or 30 s, of a pre-rinsing step with PPtW is neglectable.
However, comparing scenario 1 (Figure 32) with both scenarios which used PPtW for
pre-rinsing (scenario 4 and 5, Figure 33) clearly show the antimicrobial efficacy of PPtW.
The reduction was increased about almost 1 lg-step. In the case of scenario 5 (30 seconds
pre-rinsing with PPtW) again a recontamination by additional washing steps with tap
water occurred. The results were confirmed by the last two investigated scenarios. Figure
34 shows the results for antimicrobial effects of PPtW at the main-washing stage (scenario
6) and for the combination of PPtW usage at pre-bath, pre-rinse and main-wash step
(scenario 7). Using PPtW within the main-wash step increased the reduction to nearly
2 lg-step. Summarizing, when PPtW is applied to the washing machine at a single stage,
the reduction factor for the decontamination of native load increased strongly compared
to common tap water. The last scenario further proved this assumption where PPW was
used at 3 different stages within the washing process in combination. Using PPW at
pre-bath increased the reduction strongly of about 1.5 lg-steps; this increase was
strengthened by additional PPtW at pre-rinsing to nearly 2 lg-steps. The decrease at
pre-wash stage can be assigned to recontamination within the washing process. However,
PPtW was also able to act against this recontamination if used at main-wash stage. Here,
the reduction increased again to a level of nearly 2 lg-steps.
The results of the statistical analysis clearly showed low p-values at least below 0.1, if
the deviation between reference and treated sample exceeded the range of the standard
deviation. In the case of small antimicrobial effect, based on minor difference between
reference and treated sample, the p-values were greater than 0.25 and no significance is
obvious. Therefore, the presented results regarding the reduction factor are significant.
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Within all experiments, the antimicrobial efficacy of PPtW could be shown and it is also
possible to use PPtW in the different steps of the washing process.
In addition, it was proven that hygienic design and an optimal production environment as
well as working conditions for the washing process and washing machine are essential to
avoid recontamination.
The results are very promising and a usage of PPtW as single or additional antimicrobial
agent in washing processes of fresh and fresh-cut vegetables and fruits may be possible
in future.
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Figure 32: Microbial results of fresh-cut endive lettuce for the scenarios 1, 2 and 3.
Scenario 1 - washing and rinsing of fresh-cut lettuce was done with tap water inside the
washing machine without pre-bathing. Scenario 2 - washing and rinsing of fresh-cut
lettuce was done with tap water inside the washing machine, before, pre-bathing was
done with tap water (pre-bath 2, 180 seconds). Scenario 3 - washing and rinsing of freshcut lettuce was done with tap water inside the washing machine, before, pre-bathing was
done with PPtW (pre-bath 1, 180 seconds). 5 g of endive lettuce was used. Experiments
were done with n=5.
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Figure 33: Microbial results of fresh-cut endive lettuce for the scenarios 4 and 5.
Scenario 4 - washing and rinsing of fresh-cut lettuce was done with tap water and PPW
inside the washing machine. PPtW was used for pre-rinsing in a duration of 10 seconds.
Pre-bathing was not done. Scenario 5 - washing and rinsing of fresh-cut lettuce was done
with tap water and PPtW inside the washing machine. PPtW was used for pre-rinsing in
a duration of 30 seconds. Pre-bathing was not done. 5 g of endive lettuce was used.
Experiments were done with n=5.
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Figure 34: Microbial results of fresh-cut endive lettuce for the scenarios 6 and 7.
Scenario 6 - washing and rinsing of fresh-cut lettuce was done with tap water and PPtW
inside the washing machine. PPtW was used for main washing in a duration of 180
seconds. Pre-bathing was not done. Scenario 7 - washing and rinsing of fresh-cut lettuce
was done with tap water and PPtW inside the washing machine. PPtW was used for prerinsing in a duration of 30 seconds and for main washing in a duration of 180 seconds.
Pre-bathing was done with PPtW (pre-bath 1, 180 seconds). 5 g of endive lettuce was
used. Experiments were done with n=5.

5.4.3 Detection of microorganisms in washing water with and without PPtW
Beside the investigation of the antimicrobial effect of PPtW against the native
contamination of endive lettuce, the washing water was also analyzed. In case of an
antimicrobial effect on the regular washing water, the water may have the potential also
to be used as a decontamination agent, which is frequently done with agents such as
chlorine dioxide or UV-C radiation.
The antimicrobial effect of PPtW in the washing water was different from the one
obtained for the fresh-cut endive lettuce. A reason can be the high initial contamination
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of the used tap water with a load of 2.2 up to 5.6 lg (cfu ml-1). A second reason can be the
recontamination by tap water and by inadequate cleaning in between the different
scenarios. Therefore, experimental days as well as instable environmental conditions due
to high and fluctuating environmental temperatures (25 – 35 °C) during the experiments.
In Figure 35 and Figure 36, the alteration of the growth factor of the microbial load of
washing water which is taken from different steps of the treatment station.
In the scenarios 1 and 2 (Figure 35) no PPtW was used. Therefore, high increases in the
microbial load (increasing growth factor) of the washing water were seen. Especially, it
is obvious at the first stage, which was a sampling point of water. In scenario 1 the
increase of the growth factor was higher than 2.0 lg-steps at the pre-wash stage.
Additionally, in scenario 2 it was also higher than 2.0 lg-steps at the pre-bathing. In the
ongoing washing process, the washing water load was still higher than the microbial load
of the reference. However, the reference load was lower than at the first analyzed
sampling point. This is due to dilution of the microbial intake of lettuce to the washing
water during the washing process.
The results of scenario 3, where PPtW was used in the pre-bath, showed a light
antimicrobial effect of PPtW. The microbial load of the washing water only increased by
0.2 lg-steps in the pre-bath and by 1.0 lg-step at its maximum.
In scenario 5 PPtW was used in the pre-rinsing stage where no washing water was
impounded. But subsequently, the water was impounded at the pre-wash stage. If the
PPtW was rinsed for 30 seconds no reduction, but a very low increase in microbial load
was gained. In the ongoing washing process, the growth factor did not alter. At the same
time, the reduction factor for the microbial load of the lettuce itself increased. It could be
a consequence of the PPtW used at pre-rinsed stage, which could affect the lettuce more
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effective than the washing water. However, the effect within the washing water seems to
be biostatic.
The results of scenarios 6 and 7 supported the observed antimicrobial effect of PPtW to
the washing water. If PPtW is only used at the main-washing stage (scenario 6), it could
reduce the microbial increase in the washing water about 0.6 lg-steps from pre-washing
to the main washing step. However, the effect was reversed by fresh external washing
water at post rinsing stage.
The highest reduction of the microbial load found for the washing water was seen in
scenario 7. Here, PPtW was used at three different stages. Here, the microbial load was
still increased for 1.1 lg-steps after using PPtW at pre-bath stage (comparable to
scenario 3). However, after additional inset of PPtW during pre-rinsing and main
washing, a very high reduction of 3.0 lg-steps was obtained. Recontamination of the wash
water by fresh tap water could be seen for the last sampling point after the post-rinsing,
which is comparable to scenario 6, again.
The results of the statistical analysis clearly showed low p-values at least below 0.05, if
the deviation between reference and treated sample exceeded the range of the standard
deviation. In the case of small microbial effect, based on minor deviation between
reference and treated sample, the p-values had to be high and they were greater than 0.5.
Therefore, the presented results regarding the growth factor are significant.
The obtained results clearly show the potential of PPtW also to reduce the microbial load
of the washing water. External influences such as the exact water temperature or the local
surrounding temperature may influence the results, especially by the fresh tap water stage.
The impact of those influences is not negligible and must be taken into account. In
addition, wider variations of the lettuce, which embraces the rough habitus of the leaf as
well as the chemical composition of the plant sap, may also influence the results by
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providing organic matter or other potent reaction partners for the decomposition of
reactive species in the PPW.
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Figure 35. Microbial results of the washing water for the scenarios 1, 2 and 3. Scenario
1 - washing and rinsing of fresh-cut lettuce was done with tap water inside the washing
machine without pre-bathing. Scenario 2 - washing and rinsing of fresh-cut lettuce was
done with tap water inside the washing machine, before, pre-bathing was done with tap
water (pre-bath 2, 180 seconds). Scenario 3 - washing and rinsing of fresh-cut lettuce
was done with tap water inside the washing machine, before, pre-bathing was done with
PPtW (pre-bath 1, 180 seconds). 20 ml of washing water was used. Experiments were
done with n=5.
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Figure 36: Microbial results of fresh-cut endive lettuce for the scenarios 5, 6 and 7.
Scenario 5 - washing and rinsing of fresh-cut lettuce was done with tap water and PPtW
inside the washing machine. PPtW was used for pre-rinsing in a duration of 30 seconds.
Pre-bathing was not done. Scenario 6 - washing and rinsing of fresh-cut lettuce was done
with tap water and PPtW inside the washing machine. PPtW was used for main washing
in a duration of 180 seconds. Pre-bathing was not done. Scenario 7 - washing and rinsing
of fresh-cut lettuce was done with tap water and PPtW inside the washing machine. PPtW
was used for pre-rinsing in a duration of 30 seconds and for main washing in a duration
of 180 seconds. Pre-bathing was done with PPtW (pre-bath 1, 180 seconds). 20 ml of
washing water was used. Experiments were done with n=5.

5.4.4 Nitrite, nitrate and hydrogen peroxide measurements of PPW
To identify possible antimicrobial reactive species within the PPtW, chemical analysis of
PPW for the existence and concentration of nitrite, nitrate and hydrogen peroxide were
done. To avoid non-identified reaction partners within the water and to have stable
working conditions, PPW was used instead of PPtW. PPW was prepared by using distilled
and autoclaved water.
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The results for the nitrite (NO2-) concentration in PPW after different pre-treatment times
are shown in Figure 37. The concentration of nitrite is increased from 8.6 mg . l-1 to
9.7 mg . l-1 by longer plasma-on times, which means that more RNS are generated from
compressed air by microwave discharge and that these reactive species react with water
molecules. Results for the nitrate (NO3-) concentration in PPW after different
pre-treatment times are also shown in Figure 37. The concentration of nitrate is increased
by longer plasma-on times (50 s) after a decrease at 25 s treatment, which means that
more RNS are generated from compressed air by microwave discharge and that these
reactive species react with water molecules over the time. The concentration of nitrate is
much higher than for nitrite, maybe nitrite ions react further to nitrate ions in water
(Machala, Tarabova et al. 2013).
The high nitrite and nitrate concentrations are also responsible for the low pH value of
PPW as well as PPtW.
However, the use of nitric acid and comparable pH values did not show the same
antimicrobial inactivation effects like PPW or PPtW (Schnabel, Niquet et al. 2016).

Figure 37: Concentration of nitrite and nitrate (mg . l-1) in PPW after pre-treatment
times of 5 s, 25 s and 50 s.
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Results for the hydrogen peroxide (H2O2) concentration in PPW after different pretreatment times are shown in Figure 38. The concentration of hydrogen peroxide is
increased by longer plasma-on times. However, the all-in concentration is very low and
negligible for the observed antimicrobial effect.

Figure 38: Concentration of hydrogen peroxide (%) in PPW after pre-treatment times of
5 s, 25 s and 50 s.
5.4.5 Qualitative assessments
5.4.5.1 Instrumental color analysis
Results of instrumental color analysis (C-values) were summarized in Table 18.
Within a sample, the C-values remain very stable within a testing interval greater than
24 hours (example 180 s treatment time: from 45.02 ± 1.9 to 44.79 ± 1.45). Thus, the
treatment did not have any or very little effect on the color retention in the lettuce leaves.
The reference samples also show similarly stable Chroma values over the entire
observation period (example 180 s treatment time: from 39.56 ± 1.81 to 40.7 ± 3.34). A
direct comparison between, for example, a reference sample and a treated sample of any
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treatment time is pointless, as each leaf of the lettuce has a slightly different green color
by nature. For example, the leaves in the middle of the lettuce head are yellowish, while
the outer leaves are strongly green.
Table 18: C-values of untreated and treated fresh-cut lettuce leaves for different
scenarios.
Treatment time in s

Scenario 4

Scenario 5

Scenario 3 / 6

Scenario 7

10

30

180

180 + 30 + 180

Sample

C-Value (Chroma)
after treatment

after 2h

after 1 day

Reference

42,22 ± 1,45

41,22 ± 0,86

43,52 ± 1,77

treated

40,96 ± 0,47

42,73 ± 2,87

41,63 ± 0,24

Reference

39,56 ± 1,81

41,55 ± 1,55

40,7 ± 3,34

treated

45,02 ± 1,9

46,32 ± 1,31

44,79 ± 1,45

Reference

37,16 ± 0,96

41,57 ± 2,2

39,09 ± 0,22

treated

43,23 ± 1,59

42,91 ± 1,25

43,09 ± 1,29

Reference

36,39 ± 2,85

36,47 ± 1,65

35,64 ± 3,21

treated

39,66 ± 2,09

41,8 ± 3,4

41,1 ± 3,68

5.4.5.2 Instrumental texture analysis
The instrumental texture investigations showed a large variation in the overall strength of
all samples examined including as well as the stability within the same test series
(Table 19). Nevertheless, there were test series in the scenarios examined, which showed
a consistent texture over the entire treatment period, e.g. scenario 7 treated sample
180+30+180 s from 12.23 ± 2.88 kg over 12.18 ± 1.95 kg to 11.10 ± 2.37 kg. There were
also test series in which the crispness showed a strong increase or softening, e.g.
scenario 3 and 6 with 180 s: control from 12.01 ± 2.27 kg to 7.84 ± 2.41 kg; treated sample
from 6.99 ± 3.25 kg to 11.49 ± 2.99 kg).
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Table 19: Instrumental texture analysis of untreated and PPtW-treated fresh-cut lettuce
leaves for different scenarios.
Time in s

Sample
After Treatment

Scenario 4

10

Scenario 5

30

Scenario 3/6

Scenario 7

180

180+30+180

Max. force in kg
2h

1h

Reference

11,41 ± 4,02

11,08 ± 3,09

11,38 ± 0,65

Treated

11,15 ± 1,21

8,33 ± 1,22

9,53 ± 2,58

Reference

11,01 ± 1,25

9,62 ± 1,33

11,55 ± 3,36

Treated

10,71 ± 1,19

7,78 ± 3,18

10,28 ± 0,39

Reference

12,01 ± 2,27

10,91 ± 3,70

7,84 ± 2,41

Treated

6,99 ± 3,25

8,55 ± 1,36

11,49 ± 2,99

Reference

11,32 ± 3,81

11,43 ± 2,03

9,69 ± 1,08

Treated

12,23 ± 2,88

12,18 ± 1,95

11,10 ± 2,37

5.5 Discussion
The presented results within this work are very innovative and new. To our knowledge,
comparable results, which include a washing process of fresh-cut lettuce with plasma,
processed tap water at industrial near scale, is not described in literature before.
Based on this work a big gap towards the industrial scale could be bridged. Nevertheless,
the time needed to process 1 m3 of PPtW took several hours and this is to be improved
for a real industrial process. Furthermore, the possibility of recycling and re-enrichment
of PPtW has to be studied to increase the overall efficiency.
A short comparison between PPW (lab-scale) and PPtW (industrial-scale) is given in
Table 20. Salts in the used tap water may react as buffering components or additional
reaction partners (Schnabel, Niquet et al. 2016).
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Table 20: comparison of lab-scale PPW and industrial-scale PPtW
water

plasm

volum

type

a

e (l)

pH-value

chemical components

inoculation

reductio
n

devic

factor**

e

Plexc

0,01

befor

after

e

*

6.2

1.4

PPW

sterile

(lab-

destille

(50

scale)

d

s)

NO2-

NO3-

H2O2

9.7 mg/l

2052.8

0,04

artificial,

> 6.0 lg

mg/l

mg/l

monocultu

cycles

re

water
PPtW

tap

(pilot

water

Plexc²

1000

-

7.1

1.7-

not

not

not

native,

< 2.0 lg

1.8

measure

measure

measure

multicultur

cycles

(3 h)

d

d

d

e

scale)

* pre-treatment time in brackets

** on fresh-cut lettuce

The observed kinetics of antimicrobial inactivation of the investigated microorganisms
with PPtW are very promising. The increased antimicrobial efficacy of PPtW used as
washing water in an up-scale set-up for fresh-cut endive lettuce compared to common tap
water was clearly demonstrated as can be seen in Figure 32-34. In addition, PPtW also
inactivated recontaminations by tap water and environmental conditions (see Figure 34).
Additional, investigations of the washing water itself showed the antimicrobial effect of
PPtW (e.g. Figure 35).
Due to unwished recontamination during the experiments, it was also demonstrated that
hygienic design of the treatment station and cooled environmental condition could have
avoided recontamination (Figure 34-36). An important point, which must be kept in mind
and touches both science and the food industry or construction companies in further
experiments.
Commonly, for sanitizing products, chlorinated or ozonized water, hydrogen peroxide or
lactic acid are used (Fridman 2008; Moisan, Barbeau et al. 2001). The inactivation mode
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of lactic acid can be attributed to an acidification process causing depression of the inner
pH of microbial cells. That process is mediated by the ionization of the undissociated acid
molecules or disruption of the substrate transport by alteration of the cell-membrane
permeability. Additionally, foodborne bacteria cannot grow at pH-values lower than
about 4.0. During the treatment of fresh-cut endive lettuce by PPtW in this study, an
acidification on the PPtW was observed and may lead to a similar inactivation mode
comparable to the observed lactic acid mode.
In the literature a significant role of the pH value of sanitizing water induced by gas-phase
discharge plasmas in interaction with the gas-liquid interface, especially for air or air-like
working gases is shown (Ikawa, Kitano et al. 2010; Brisset, Moussa et al. 2008).
However, the acidification of the water itself was not identified as the main antibacterial
agent (Schnabel, Niquet et al. 2016; Naitali, Herry et al. 2012). The acidification
influences significantly the aqueous-phase chemistry of the reactive oxygen and nitrogen
species (Lukes, Dolezalova et al. 2014).
The experiments showed a strong acidification (Table 16 and 17), which might be a result
of nitrous acid (HNO2) and nitric acid (HNO3), the end product of all reactions (Lukes,
Dolezalova et al. 2014). Usually HNO2 decays to hydrogen (H+) and nitrite
(NO2-), but a pH-value beneath 2.75 could lead to a spontaneous forming of OH* and
NO* radicals.
In vivo, peroxynitrite (ONOO-) reacts very quickly with carbon dioxide (CO2), and
nitrosoperoxycarbonate (ONOOCO2-) is formed. Nitrosoperoxycarbonate (ONOOCO2-)
homolyzes to form carbonate radical (CO3*-) and nitrogen dioxide (NO2*). These radicals
are believed to cause peroxynitrite-related cellular damage at protein and DNA level
(Szabó, Ischiropoulos et al. 2007).
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In addition, peroxynitric acid (HNO4) can react directly with biomolecules. It easily
passes cell membranes and can react to OH and NO2 radicals that can damage lipids and
proteins (Szabó, Ischiropoulos et al. 2007).
Due to the plasma set-up and dry air (below 32 % relative humidity) as a working gas,
chemical reactions and species mainly based on RNS (reactive nitrogen species) are
expected. Earlier investigations showed NO*, NO2*, HNO2 and HNO3 as main processed
species in PPA (Schnabel, Andrasch et al. 2015). Nitrogen and oxygen in air react to
nitrogen monoxide (NO*), which further leads to the generation of nitrogen dioxide
(NO2*) with oxygen (O2). NO* and NO2* are two stable radicals with a known
antimicrobial effectivity. Together, both radicals (NO*, NO2*) can form dinitrogen
trioxide (N2O3). Another product might be peroxynitrite (ONOO-) throughout the reaction
of NO* with superoxide radical (O2*-) as well as peroxynitrate (O2NOO-) (Kogelschatz
2004; Suchentrunk, Staudigl et al. 1997).
All these reactions are possible in dry air after plasma ignition. Taking into account that
this processed air was combined with tap water to generate PPtW, other chemical
reactions may happen. NO*, O2 and water (H2O) react to nitrite (NO2-) and hydrogen
(H+). If instead of nitrogen monoxide NO2* reacts with the other two molecules, H+ and
nitrate (NO3-) are the products. N2O3 is generated in the gas phase and gas/ water phase.
It may react with H2O to nitrite and hydrogen again (Lukes, Dolezalova et al. 2014).
Two radicals, NO3* and NO2* form dinitrogen pentoxide (N2O5) are formed under the
influence of water (Kogelschatz 2004; Suchentrunk, Staudigl et al. 1997). The latter can
react with water to nitrate and hydrogen. The occurrence of OH radicals was not detected.
Reasons may be the absence of oxygen radicals (O*) due to no energy intake. A further
possibility may be water clusters such as (H2O)NO or (H2O)OH.
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The generation of all these possible reactions and chemical species also depended on the
pH value of the water. An acidification down to pH < 3.5 as observed for the presented
investigations (Table 16 and 17) leaded to unstable conditions for nitrites and HNO2 was
decomposed to NO* and NO2* (Lukes, Dolezalova et al. 2014). The last two radicals
have strong cell toxic properties.
Most of the listed ions, radicals and molecules are highly toxic for microorganisms and
the chemical cocktail as well as the pH shift may result in the gained inactivation.
The results for qualitative assessment showed that the plasma treatment by PPtW did not
influence the quality of the lettuce negatively, especially the color retention.
As expected, the results of the instrumental texture analysis showed a wide range, as there
was not a meaningful distribution of harder and soft sheet components when pressure was
applied to the sample. For example, a standard deviation of up to 4.02 kg was achieved
in some cases within one treatment period. However, the results suggest that plasma
treatment did not have a significant effect on the strength of the lettuce studied.
Therefore, the treatment of lettuce with PPtW is a promising way of extending shelf-life
while at the same time maintaining food quality.
The promising results for PPtW as possible sanitation alternative for washing processes
in the food industry, especially for fresh and fresh-cut produce, offer an innovate tool
based on non-thermal atmospheric pressure plasma technology for hygienic questions in
the food industry. To fulfill the requirements of a regulatory environment, more
investigations for sensory properties as well as toxicology are necessary. A further aspect,
which will be considered in future work, is the economics and marketability.
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5.6 Conclusion
The new and innovative method for the generation of antimicrobial active water at
industrial near scale presented within this work. It showed an inactivation of native
microbial load with microwave plasma processed tap water (PPtW) on fresh-cut lettuce
and in the washing water during a common washing process. A significant dependency
of inactivation efficiency depending on the single or combined usage of PPtW at different
steps of the washing process was detected. The usage of PPtW at three different steps let
to the highest reductions on the lettuce and within the washing water. Possible
antimicrobial active agents were detected or assumed which includes RNS and
acidification by low pH-values. However, the promising results and the advantages of
plasma processed water (low-temperature, simple and cheap generation, comparability to
tap water rinsing, ozonized water, chlorinated water, electrochemically activated water
(ECA)) offer a wide.
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6. PLASMA PROCESSED AIR FOR BIOLOGICAL DECONTAMINATION OF
PET AND FRESH PLANT TISSUE
The chapter 6 is based on/ quotes the publication:
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. 15 (2018), p. e1600057. DOI:10.1002/ppap.201600057.

6.1 Summary
Currently used methods for decontamination and sanitation of fresh/ fresh-cut food as
well as food processing surfaces are antimicrobial ineffective, generate high costs with a
high consumption of water and chemicals additionally. As an alternative, non-thermal
plasma at atmospheric pressure could be a versatile tool. Therefore, an experimental
set-up based on a microwave-plasma source, which generates plasma processed air (PPA)
containing manifold RNS-based chemical and antimicrobial compounds, is used. The
PPA is introduced into a reaction chamber for the decontamination of packaging material
and fresh produce. This is a new and innovative method for the generation of
antimicrobial active air used for dry sanitation. In our experiments, PET stripes, fresh-cut
lettuce, and fresh sprouts are contaminated with six different bacteria; Escherichia
coli K12 (DSM 11250), Pseudomonas fluorescens (DSM 50090), Pseudomonas
fluorescens (RIPAC), Pseudomonas marginalis (DSM 13124), Pectobacterium
carotovorum (DSM 30168) and Listeria innocua (DSM 20649) in a concentration of
108 cfu . ml-1 and subsequently treated with PPA. For PPA production, the plasma is
ignited for 5, 15 or 50 s. After a post-plasma treatment with PPA of maximum 5 minutes,
a decrease of bacterial load up to 6 log10 cfu . ml-1 are detected for P. fluorescens (both
strains) and P. carotovorum on PET. On plant tissue only once a reduction higher than
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5 log10 cfu . ml-1 is gained (P. carotovorum on sprouts). For all other bacteria and
specimen, the inactivation rate is worse.
The characteristics of plasma and its generated cocktail of long living chemical
compounds in air leading to a high bacterial inactivation and offering a wide range of
possible applications.

6.2 Introduction
Fresh and fresh-cut produce have a limited shelf life of several days, which allows only a
regional distribution of that produce. The limited shelf life and the associated losses of
fresh produce have various causes, but especially depend on microbial contamination at
all stages in the value chain. The microbial contamination may also cause foodborne
illnesses, which occur annually and worldwide. Especially, produce like fresh-cut salad
and fresh sprouts are frequently affected. The U.S. Food and Drug Administration (FDA)
listed both, leafy greens and sprouts, under the ten riskiest foods in their Center for
Science in the Public Interest (CSPI) Report 2009. Whereby leafy greens are on the top
(CSPI 2009). European institutions and customer organizations like the German Institute
for Risk Assessment (BfR) are aware of the risk of food borne illnesses caused by
fresh-cut salad and sprouts, too (Stiftung Warentest 2013; BfR 2011).
Both products are pointed out to be loaded with high amounts of bacteria, even with
human pathogens like Listeria monocytogenes, under non-cooled and cooled conditions.
The European Food Safety Authority (EFSA) described in their zoonoses report of 2011,
5648 reported food-borne outbreaks for 2011 with more than 200,000 confirmed human
cases (EFSA 2013). The outbreaks were caused by Bacillus toxins, Campylobacter,
Clostridium, E. coli (mainly Verotoxin-producing Escherichia coli (VTEC)), Listeria,
Yersinia and some others. Ready-to-eat salad and sprouts were also contaminated with
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these microorganisms. In the E. coli outbreaks, 50 % of the involved products were
vegetables, juices, and other products thereof. One reason for this was a large outbreak of
haemolytic-uraemic syndrome (HUS) and bloody diarrhea associated with shiga-like
toxin-producing E. coli (STEC) O104:H4 infections occurred primarily in northern
Germany from May to July 2011. This outbreak is the largest recorded to date in Germany
and, based on the number of cases of HUS, is the largest outbreak of this sort worldwide.
Fenugreek sprouts were identified as the most likely vehicle of infection. In total, 3,793
STEC cases, including 827 HUS cases with death for 35 patients and 2,966 cases of acute
gastroenteritis with death for 18 patients, were reported. Internationally, 137 cases,
including 54 HUS cases, in 15 European and non-European countries related to the
outbreak were reported.
This is just one example of the remarkable impact of foodborne disease on the health of
consumers and resulting direct and indirect consequences, costs and losses.
In general, a great demand regarding gentle sanitation in the production and processing
of fresh produce exists because of the significant economic importance.
Conventional methods of decontamination and cleaning of fresh food are based on rinsing
with water, which may contain high amounts of chemicals, e.g. chlorine (50-200 ppm),
chlorine dioxide or ozone. Although the poor stability of chlorine and the association of
chlorine with a possible formation of carcinogenic chlorinated compounds in water have
called the use of chlorine in food processing applications into question (Rico,
Martín-Diana et al. 2007; White 1999). Water containing disinfectant eliminates 3 to 4
log10 of microorganisms in solution and prevents them from attaching to the product
surface. However, once bacteria are attached or internalized, no effective method exists
to remove or destroy the contamination (Lang, Ingham et al. 2000; Itoh, Sugita-Konishi
et al. 1998).
Therefore, the development of environmentally friendly alternative disinfection and
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cleaning methods is important, but also the product compatibility, costs, environmental
impact, impact on product quality and regulatory provisions have to be taken into account
(Matthews 2006). One possible alternative method could be the application of
non-thermal atmospheric pressure plasma.
Technological plasmas are ionized gases with free charged particles such as ions and
electrons in concentrations up to 10 %. The application of non-thermal atmospheric
pressure plasma is a discipline with increasing attention in the field of food processing
and an emerging non-thermal technology for reducing microbial load on the surface of
fresh and processed foods. Thus, the potential applications of non-thermal atmospheric
pressure plasma for the food industry are manifold and it has specific potential for the
treatment of foods (Pankaj, Bueno-Ferrer et al. 2014; Afshari, Hosseini 2012; Niemira
2012). Dry decontamination of food surfaces, granular and particulate foods, and sprouted
seeds could be carried out with that method. Furthermore, the surface of packaging
material could be sterilized (Misra, Tiwari et al. 2011; Tendero, Tixier et al. 2006;
Kogelschatz 2004).
Non-thermal plasma might be implemented in the food industry for the decontamination
of raw agricultural products such as apples, lettuce, almonds, mangoes, melons, egg
surfaces, cooked meat, and cheese within the next years (Afshari, Hosseini 2012; Deng,
Ruan et al. 2007). Non-thermal plasma is also suitable for processes, in which high
temperatures are not recommended (Nehra, Kumar et al. 2008; Tendero, Tixier et al.
2006).
The results of investigations on inactivation kinetics due to plasma processed air of two
microbiological contaminated fresh produce and one contaminated plastic are presented
in this work. As fresh produce fresh-cut iceberg lettuce (Lactuca sativa) and fresh mung
bean (Vigna radiata) sprouts were examined. The investigated plastic was PET
(Polyethylene terephthalate), which is a typical packaging material in food industry. The
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microorganisms used in this study were the gram-negatives Escherichia coli,
Pseudomonas marginalis, Pseudomonas fluorescens and Pectobacterium carotovorum as
well as the gram-positive Listeria innocua.

6.3 Methodology
6.3.1 Investigated microorganisms and specimens
For microbiological experiments Escherichia coli K12 (DSM 11250), Pseudomonas
fluorescens (DSM 50090), Pseudomonas fluorescens (RIPAC), Pseudomonas marginalis
(DSM 13124), Pectobacterium carotovorum (DSM 30168) and Listeria innocua
(DSM 20649) were used in concentrations of 108 cfu . ml-1 suspended in sterile, distilled
water, see also Table 21. As specimens PET-stripes with dimensions of 32x8x2 mm3,
fresh-cut iceberg lettuce (Lactuca sativa) with pieces of 2x2 cm2 and fresh mung bean
sprouts (Vigna radiata) were investigated. For the two last, the amount of 10 g was
contaminated. The iceberg lettuce and the mung bean sprouts were bought at a local
supermarket one day before usage.
Table 21: Bacteria strains used in this work.
microorganism

DSM number

ATCC/ NCTC number

Escherichia coli

DSM 11250

NCTC 10538

Pseudomonas

DSM 50090

ATCC 13525

Pseudomonas marginalis

DSM 13124

ATCC 10844

Pectobacterium

DSM 30168

ATCC 15713

DSM 20649

ATCC 33090

fluorescens

carotovorum
Listeria innocua
Pseudomonas
fluorescens (RIPAC)

directly isolated from cantaloupe, RIPAC number:
D13-0092-1-1-13
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The roughness of the PET was analyzed by using a surface profiler (Dektak, Veeco). The
stylus profilometry technology was used, which is an accepted standard for surface
topography measurements.
The averaged roughness (Ra) was determined for two different samples using a scanning
area of 500 µm in length. Ra was measured on five different positions on each sample.
For sample one, Ra was found to be 5.8 nm ± 0.9 nm whereas for sample two an averaged
roughness of 12.8 nm ± 1.2 nm was measured.
Escherichia coli K12 (DSM 11250) and Listeria innocua (DSM 20649) were chosen due
to their relationship to enterohemorrhagic Escherichia coli (EHEC) O157:H7 and Listeria
monocytogenes, both human pathogens which could occur on food. However, the chosen
strains are classified as risk level 1 and therefore easy to handle.
Pseudomonas fluorescens (DSM 50090), Pseudomonas fluorescens (RIPAC),
Pseudomonas marginalis (DSM 13124) and Pectobacterium carotovorum (DSM 30168)
occur in soil or on plants and can cause spoilage of food or storage losses e.g. by soft rot.

6.3.2 Contamination of specimens
The PET-stripes, the fresh-cut lettuce and the fresh sprouts were contaminated with the
bacterial suspension by pipetting 100 µl suspension on the stripes or immerse the fresh
produce in 200 ml suspension with a concentration of 108 cfu . ml-1 for 5 minutes. The
lettuce and the sprouts were dried with a salad spinner or drained on a stainless steel sieve.
Afterwards, the fresh products were kept under sterile and cool conditions (7 °C) for
30 minutes and the suspension on the PET-stripes could dry under laminar flow for
2 hours.
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6.3.3 Recovery of microbial contamination of each specimen
The recovery of microbial contamination or its residues on the specimens after
decontamination was realized by transferring them to glass beakers (600 ml) with nutrient
broth (tryptic soy broth from Merck KGaA, Darmstadt, Germany or standard nutrient
broth I from Carl Roth GmbH+Co.KG, Karlsruhe, Germany). By shaking both the
PET-stripes and the fresh products in 10 ml and 30 ml broth for 10 minutes, respectively
and by using the surface-spread-plate count method with tryptic soy agar (Merck KGaA,
Darmstadt, Germany) or standard nutrient agar I (Carl Roth GmbH+Co.KG, Karlsruhe,
Germany) plates, the recovery was completed with an overnight cultivation in an
incubator. The surface-spread-plate count method is a surface counting method employed
for aerobic bacteria. Therefore, 100 µl of all serial dilutions of the broth were plated out
on the whole surface-area of the petri dish. Serial dilutions were performed as a 1 in 10
dilution. The detection limit of this procedure was 1 cfu . ml-1. If the number of
microorganisms fell below the detection limit, i. e. no viable microorganisms have been
found, the values were set at detection limit in the graphical representations.

6.3.4 Decontamination by microwave plasma processed air (PPA)
Non-thermal plasma treatment of the contaminated specimens was done with microwave
driven discharge processed gas in contact with the specimen. The used microwave driven
discharge set-up is shown in Figure 39. The microwaves had a frequency of 2.45 GHz
and the supply power was in the range of 1.1 kW. Accordingly, the gas temperature was
about 4000 K at a gas flux of 18 slm air. The so-called generated PPA was introduced
into a glass beaker (600 ml) to decontaminate the PET-stripes as well as the fresh produce
after cooling at room temperature. PPA contains mainly RNS (reactive nitrogen species)
and non-processed air. First ones are used as antimicrobial agents (Schnabel, Andrasch et
al. 2015; Ehlbeck, Brandenburg et al. 2008). The discharge was ignited for 5, 15 or 50 s
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(pre-treatment, plasma-on time). By process, controlling gas flux and microwave power
is limited to the pre-treatment duration. For the three different pre-treatment times the
NO2 amount was measured. The measurement was done with a self-constructed NO2
sensor which was calibrated by usage of test gas (Linde AG, Pullach, Germany: test gas
NO2 3.19 % and synthetic air). The sensor is based on absorbance measurements of
NO2-bands at 400 nm (Kirmse, Delon et al. 1997). The obtained concentrations are given
in Table 22. The specimens were treated for 1, 3 and 5 minutes with the PPA
(post-treatment time). To stop the post-treatment time, the beaker was refilled twice with
compressed air. The observed inactivation of microorganisms depended on the amount
of generated short- and long-lived reactive chemical species and the storage with the last
once in the PPA during post-plasma treatment time. For references, the post-treatment
time is indicated with 0 minutes, which means these samples were exposed to airflow
instead of PPA flow.

Figure 39: Scheme of the microwave-setup for the generation of PPA (plasma
processed air) (Baeva, Andrasch et al. 2014; Krohmann, Neumann et al. 2005).
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Table 22: NO2 concentrations for different plasma-on times.
plasma-on time [s] concentration [ppm] double standard deviation [ppm]
5
15
50

5054
7562
12747

± 369
± 1181
± 1412

6.3.5 Statistical analysis
Data presented were mean of the logarithmic values of replicated experiments. Due to the
most important issue of the experiments, which was the inactivation of microorganisms,
the statistical significance was tested among non-treated references and countable
plasma-treated samples. It was determined by the independent two-sample t-test for
unequal variances also known as Welch's t-test. For calculation, the T.Test function
implemented in Microsoft® Excel was used. The experiments were replicated three times.
Each experiment was done with n=3.

6.4 Results and Discussion
The investigation of antimicrobial effects of PPA on fresh biological surfaces e.g. fresh
produce were based on a previous work with the use of PPW (plasma processed water)
and PPtW (plasma processed tap water) (Schnabel, Sydow et al. 2015). The optimized
plasma parameters for PPA production were taken from the earlier published works
(Schnabel, Niquet et al. 2012a, 2012b).

6.4.1 Inactivation of different bacteria on PET-stripes by PPA
The investigations with PET-stripes were done under the aspect to start with an artificial
but rough surface which is easy to handle and available. By pipetting, the complete area
of 256 mm2 was covered with all mentioned microbial suspensions in concentrations of
108 cfu . ml-1. The surface drying was controlled by visual inspection. All PET-stripes
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were treated with PPA generated by microwave discharge. The PPA was generated in
three different concentrations achieved by a 5, 15 and 50 second microwave plasma
ignition (pre-treatment time). The post-treatment times of the PPA were 1, 3 and
5 minutes. The timescales reflected the time of contact between PET and PPA.
Experimental results (Figure 40) showed an antimicrobial reduction of 2.5 log10-steps for
P. fluorescens (DSM-strain) up to 5.5 log10-steps for P. fluorescens (RIPAC) maximum
after a 5-second pre- and 5-minute post-treatment. By an increase in pre-treatment time,
a strong decrease in proliferation for all bacteria was seen. This means that a pre-treatment
time of 15 seconds was sufficient to decrease cfu . ml-1 of P. fluorescens (RIPAC),
P. carotovorum and L. innocua (Figure 40 C, E and F) down to the detection limit. Apart
from E. coli, all investigated bacteria showed inactivation kinetics decreasing down to the
dection limit after 50 seconds pre- and 1-minute post-treatment time. For E. coli
(Figure 40 A) only little differences for the inactivation kinetics were observed. After
15 seconds, pre-treatment time a slight tailing was noticed. This indicates, that a
prolonged post-treatment time has no further significant influence in the case of E. coli
treatment.
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Figure 40: Results of the PPA treatment of PET-stripes (32x8x2 mm). PET-stripes
were contaminated with six different microorganisms – E. coli (A), P. fluorescens
DSM 50090 (B), P. fluorescens RIPAC (C), P. marginalis (D), P. carotovorum (E)
and L. innocua (F) in concentrations of 106 cfu . ml-1. After a plasma ignition for 5,
15 and 50 seconds (pre-treatment time) the PET-stripes were treated with plasma
processed air (PPA) in durations of 1, 3 and 5 minutes (post-treatment time). The
average of three experiments is shown. Experiments were done with n=3.

In addition, a prolonged pre-treatment time did not influence the inactivation kinetic
significantly for E. coli. However, regarding this point for the other investigated bacteria,
increasing the pre-treatment time led to increased inactivation capacity of PPA
(Figure 40 B and F). All gained results showed acceptable error bars.
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6.4.2 Inactivation of different bacteria on fresh-cut iceberg lettuce by PPA
The analysis with fresh-cut iceberg lettuce was done because this produce is
commercially important, especially in the field/section of RTE food. The commercial
need of such a product is foiled by high production losses and a risk of foodborne illnesses
due to microbial contaminations. Fresh-cut iceberg lettuce is easy to handle, usually
available throughout the year, and offers an uneven surface.
The complete head of lettuce was cut into pieces of 400 mm2, and for each specimen 10 g
were used. The fresh-cut lettuce was completely immersed in all mentioned bacterial
suspensions in concentrations of 108 cfu . ml-1. After spinning, the specimen was stored
in the refrigerator at 7 °C for 30 minutes. All lettuce specimens were treated with PPA.
The PPA was generated in three different concentrations by a 5, 15 and 50 second
microwave plasma ignition (pre-treatment time) and the post-treatment times of the PPW
were 1, 3 and 5 minutes. The timescales reflected the time of contact between fresh
produce and PPA.
The experimental results (Figure 41) showed an antimicrobial reduction of 1.9 log10-steps
for E. coli up to 4.8 log10-steps for P. carotovorum maximum after 50 seconds pre- and
5 minutes’ post-treatment time. The investigated bacteria from B to F (all apart from
E. coli) showed a tailing after a 5 and 15 seconds plasma-on time. E. coli (A) and
L. innocua (F) showed the lowest inactivation effects of PPA. The bacteria C, D and F
(P. fluorescens (RIPAC), P. marginalis and L. innocua) showed tailing characteristics
also for the pre-treatment time of 50 seconds. However, with the 50 seconds pre-treatment
time the inactivating effects were increased up to 3.0 log10-steps and more in three cases,
Figure 41 B, D and E. All gained results showed acceptable error bars.
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Figure 41: Results of the PPA treatment of fresh-cut iceberg lettuce (10 g of 2x2 cm
pieces). Lettuce was contaminated with six different microorganisms – E. coli (A),
P. fluorescens DSM 50090 (B), P. fluorescens RIPAC (C), P. marginalis (D),
P. carotovorum (E) and L. innocua (F) in concentrations of 106 cfu . ml-1. After a
plasma ignition for 5, 15 and 50 seconds (pre-treatment time) the fresh-cut lettuce
was treated with plasma processed air (PPA) in durations of 1, 3 and 5 minutes
(post-treatment time). The average of three experiments is shown. Experiments
were done with n=3.
6.4.3 Inactivation of different bacteria on fresh mung bean sprouts by PPA
Especially in the field of RTE food mung bean sprouts were also of commercial
importance, but with a high risk of foodborne illnesses dependent on microbial
contamination beginning at the step of packaging. Hence, fresh mung bean sprouts were
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considered in an own series of tests, too. Fresh mung bean sprouts are easy to handle and
usually available throughout the year. They offer a large surface and thus a high release
of cell liquor by breaking inside the packaging and show many shadowing areas by
overlapping. Ten gram of commercially distributed sprouts were used for each sample
and completely immersed in all mentioned bacterial suspensions in concentrations of
108 cfu . ml-1. The contaminated sprouts drained on a stainless steel sieve in the
refrigerator at 7 °C for 30 minutes.
All sprouts specimens were treated with PPA. The PPA was generated in three different
concentrations by a 5, 15 and 50 second microwave plasma ignition (pre-treatment time)
whereas the post-treatment times of the PPA were 1, 3, and 5 minutes. This was the time
of contact between fresh produce and PPA.
The experimental results (Figure 42) showed an antimicrobial reduction of 3.4 log10-steps
for both P. fluorescens strains up to 5.5 log10-steps for P. carotovorum maximum. All
inactivation kinetics showed a tailing or only a slight decrease with a maximum of
1.4 log10-steps reduction for P. marginalis and P. carotovorum (D and E) after a 5-second
plasma-on time. None of the investigated bacteria seemed to be specifically adapted to
mung bean sprouts in the case that significant reductions were observed for all
microorganisms.
The observed results indicate, that an increased pre-treatment time for PPA-generation
led to increasing inactivation rates for all investigated bacterial strains. Furthermore, a
crescent inactivation by increasing post-treatment times was also observed for all
bacteria. The inactivation kinetics for E. coli, P. carotovorum and L. innocua (Figure
42 A, E and F) showed similar trends. For the three Pseudomonas strains (Figure 42 B to
D) similar inactivation kinetics were gained too. All gained results showed very small
error bars.
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Figure 42: Results of the PPA treatment of fresh mung bean sprouts (10 g). Sprouts
were contaminated with six different microorganisms – E. coli (A), P. fluorescens
DSM 50090 (B), P. fluorescens RIPAC (C), P. marginalis (D), P. carotovorum (E)
and L. innocua (F) in concentrations of 106 cfu . ml-1. After a plasma ignition for 5,
15 and 50 seconds (pre-treatment time) the sprouts were treated with plasma
processed air (PPA) in durations of 1, 3 and 5 minutes (post-treatment time). The
average of three experiments is shown. Experiments were done with n=3.

6.4.4 Statistical analysis
The results of statistical analysis of the experimental data presented in Figures 40 to 42
are shown in the Tables 23 to 25 by their p-values. Due the large dynamic range of the
microbial results, the significance threshold differs with each experiment. In general,
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p-values below 0.05 are achieved with following exceptions: L. innocua on PET,
P. fluorescens RIPAC and P. carotovorum on fresh-cut iceberg lettuce and
P. fluorescens RIPAC as well as P. marginalis on fresh mung bean sprouts.

Table 23: Results of the statistical analysis done with the t-test for PET-stripes. The shown
values are the p-values multiplied by 1000 for better readability of the table.

p-values x 1000
PET-stripes
5

pre-reatment time (s)
post-treatment time (min)
E. coli

1

3

15
5

1

3

50
5

1

3

5

0

0

0

0

0

0

0

0

0

24

17

19

19

19

19

19

19

19

7

7

7

7

7

7

7

7

7

P. marginalis

17

16

16

16

16

16

16

16

16

P. carotovorum

33

33

33

33

33

33

33

33

33

L. innocua

75

74

74

74

74

74

74

74

74

P. fluorescens DSM
P. fluorescens RIPAC

Table 24: Results of statistical analysis done with the t-test for fresh-cut iceberg lettuce.
The shown values are the p-values multiplied by 1000 for better readability of the table.

fresh-cut iceberg lettuce
p-values x 1000
5

pre-reatment time (s)
post-treatment time (min)
E. coli
P. fluorescens DSM
P. fluorescens RIPAC
P. marginalis
P. carotovorum
L. innocua

15

50

1

3

5

1

3

5

1

3

5

859

27

24

26

26

26

29

26

25

3

3

3

2

3

3

3

3

3

135 134 131 132 129 129 129 129 128
17

16

16

17

16

16

15

15

15

172 166 159 139 136 136 131 131 131
50

49

44

49

159

47

45

40

40

40

Table 25: Results of statistical analysis done with the t-test for fresh mung bean sprouts.
The shown values are the p-values multiplied by 1000 for better readability of the table.

fresh mung bean sprouts
p-values x 1000
5

pre-reatment time (s)
post-treatment time (min)

1

15

3

5

1

3

50
5

1

3

5

E. coli

0

0

0

0

0

0

0

0

0

P. fluorescens DSM

3

4

2

5

4

4

4

4

4

64

63

64

52

52

51

50

50

50

P. fluorescens RIPAC
P. marginalis
P. carotovorum
L. innocua

255 245 244 236

234 234 233

232 232

1

2

3

4

4

4

4

4

4

27

28

28

26

26

26

26

25

25

In the manufacture of food, good hygiene is a key part of the quality assurance, i.e.
ensuring that the product is within the microbial specifications appropriate to its use. Poor
hygienic conditions and inadequate sanitation will result in healthcare-associated
infections and foodborne diseases as well as high production losses in food industry.
Therefore, the inactivation of human- and phyto-pathogens is of great interest in many
social and economic fields.
Some typical human pathogens, which can be found in food, are E. coli,
L. monocytogenes, Salmonella, Yersinia, S. aureus – even MRSA (methicillin-resistant
S. aureus) and ORSA (oxacillin-resistant S. aureus), Clostridium and Aspergillus. In a
selection of phyto-pathogens many molds (e.g. Fusarium), oomycetes, Xanthomonas,
Erwinia including the new group of Pectobacteria and Pseudomonas can be found (EFSA
2013; Toth, Bell et al. 2003).
The investigated bacteria represent possible food contaminations (Gram-positive and
Gram-negative), which are often responsible for human or plant diseases.
Non-thermal plasma treatment of food is a promising technology in that it acts rapidly,
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does not leave toxic residuals on processed parts or in the exhaust gas and the temperature
rise can be kept at an acceptable level (Misra, Tiwari et al. 2011).
The combination of plasma species with a non-thermal treatment mode makes nonthermal plasmas particularly suited for decontamination in food processing settings
(Moreau, Orange et al. 2008; Perni, Shama et al. 2008; Critzer, Kelly-Wintenberg et al.
2007; Yu, Perni et al. 2006; Marsili, Espie et al. 2002). This process is practical,
inexpensive, and suitable for decontamination of products where heat is not desirable
(Ragni, Berardinelli et al. 2010).
For the inactivation of E. coli, Pseudomonas and other microorganisms by microwave
generated PPA described within, only physical stresses by chemical, acidic and biocidal
agents are relevant. Other stresses such as temperature, pressure, or radiation can be
excluded due to the experimental set-up.
The observed kinetics of antimicrobial inactivation of the investigated microorganisms
on PET, lettuce, and sprouts are very different and in most cases of plant specimens, a
tailing was observed after 1 minute’s post-treatment time. One reason for this tailing may
be an impact of the PPA chemistry to the bacteria in that way that they may attach better
to the rough surfaces, which would influence the recovery process and the detection in
the used proliferation assay. Another reason could be a shadow effect by stacked, but
inactivated bacteria, as multilayers cannot be excluded by inoculation due to “coffee ring”
effect and low Marangoni flow (Hu, Larson 2006; Deegan, Bakajin et al. 1997). In
addition, decomposition of PPA and its antimicrobial agents may be possible due to
polymeric chains at PET surface or due to bacterial interaction.
Apart from two cases (E. coli on PET and on lettuce), every PPA-treatment shows its best
result for 50 seconds pre-treatment time. Here, the reason could be the generation of
higher concentrations of antimicrobial active components within the PPA, which was
gained by increasing the pre-treatment time from 5 up to 50 seconds. The results of this
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work clearly showed the dependency of inactivation efficacy due to bacteria and surface.
PET stripes, fresh-cut lettuce leaves and fresh mung bean sprouts have different surfaces.
Their biochemical composition, surfaces structure and water content is different, too.
Especially the organic compounds could lead to reduction of chemical agents by
interaction, or could be reaction partners. High water contents could lead to dilution of
antimicrobial efficient agents, but also offer drying protection. Native micro flora could
also have and influence to the results within this work, due to natural products from
different origin and season.
Due to the plasma set-up and dry air (below 32 % relative humidity) as working gas,
chemical reactions and species mainly based on RNS (reactive nitrogen species) are
expected. Nitrogen and oxygen in air react to nitrogen monoxide (NO*), which further
leads to the generation of nitrogen dioxide (NO2*) with oxygen (O2). NO* and NO2* are
two stable radicals with known antimicrobial effectivity. Together, both radicals (NO*,
NO2*) can form dinitrogen trioxide (N2O3). Another product might be peroxynitrite
(ONOO-) throughout the reaction of NO* with superoxide radical (O2*-) (Lukes,
Dolezalova et al. 2014; Machala, Tarabova et al. 2013; von Woedtke, Oehmigen et al.
2012; Oehmigen, Hähnel et al. 2010).
Most of the mentioned ions, radicals and molecules are highly toxic for microorganisms
and the chemical cocktail may result in the gained inactivation. Further investigations on
reactive species densities will provide a better insight into the chemical and biochemical
processes underlying the antimicrobial effects observed and assumed in the presented
work. Apart from that, the exploration of the mechanisms of inactivation of the target
microorganisms might reveal relevant details about the plasma inactivation process´s.
Due to their different formation and composition of cell walls and membranes, commonly
Gram-negative bacteria are less resistant than Gram-positives, which are followed by
fungus, conidiospores and endospores for the treatment by physical plasmas (Ehlbeck,
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Schnabel et al. 2011). This influence could not be observed in our results. No significant
difference in the inactivation kinetics for Gram-negatives as well as the Gram-positive
L. innocua is observed. Maybe the excluded plasma stresses like temperature, pressure
and radiation, which occur under direct and semi-direct plasma treatment, are more
responsible for affecting the bacteria walls. Additionally, a higher impact of reactive
oxygen species (ROS) as ozone or hydrogen peroxide in air to affect bacteria walls due
to lipid oxidation may play a role compared to RNS, which are needed to generate the
PPA (Gray, Gomaa et al. 1996; Chang, Younathan et al. 1961).

6.5 Conclusion
The method for the generation of antimicrobial active air presented within this work
showed a possible inactivation of six different microorganisms with microwave plasma
processed air (PPA) based on compressed air.
A significant dependency of inactivation efficiency due to used microorganism, their
resistance to plasma-chemical components, and surface was detected. In most cases of
plant specimens, a tailing in the inactivation kinetics was observed. More structured
surfaces of vegetables offered cavities for the bacteria and therefore shade effects, which
can inhibit the effects of PPA.
The inactivation effects on bacteria by PPA depend on many parameters, such as plasma
source, gas mixture, specimen, specimens’ surface and bacterial species and
concentration. However, the promising results and the advantages of plasma processed
air (low-temperature, simple and cheap generation, comparability to ozonized air) offer a
wide range of possible applications.
The chemical interaction, especially the function of RNS with respect to microbial
inactivation mechanisms and food interaction should be further investigated.
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7. PLASMA TREATED AIR AND WATER – ASSESSMENT OF SYNERGISTIC
ANTIMICROBIAL EFFECTS FOR SANITATION OF FOOD PROCESSING
SURFACES AND ENVIROMENT
The chapter 7 is based on/ quotes the publication:
Schnabel, U.; Handorf, O.; Yarova, K.; Zessin, B.; Zechlin, S.; Sydow, D.; Zellmer, E.;
Stachowiak, J.; Andrasch, M.; Below, H.; Ehlebeck, J.: Plasma-Treated Air and
Water-Assessment of Synergistic Antimicrobial Effects for Sanitation of Food Processing
Surfaces and Environment. Foods 8 (2019), pp. 55. DOI: 10.3390/foods8020055.

7.1 Summary
Post-harvest processes, particularly for fresh cut produces and convenience foods, are
vulnerable for biological hazards during the whole value chain. Predominantly, it
embraces microbial contaminations, which promotes biofilm formation. Thus, sanitizing
and disinfection/sterilization methods, which ensure the product safety and, consequently,
consumer´s health, must performed regularly. However, current disinfection methods
have been predominantly based on wet chemical processes that entail the drawback of
complex procedures for sanitation and a high consumption of resources.
Behind that background, the research on the antimicrobial effects of atmospheric plasmas
tends into the focus. Plasma-processed air (PPA) and plasma-treated water (PTW), which
have been generated indirectly by a non-thermal atmospheric pressure microwave
plasma, provide that well-known antimicrobial effects but also reveal synergistic
properties that enhance the biological decontamination (Listeria monocytogenes,
Escherichia coli, Pectobacterium carotovorum, sporulated Bacillus atrophaeus). On
polymeric surfaces, such observations have been proven by proliferation assays, which
clearly indicate a decreased proliferation rate by a combination of PPA and PTW. Both
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the distinct and synergistic antimicrobial potential of PPA and PTW have been governed
by the plasma-on time (5 – 50 s) and the time that the produce is permitted to PPA/PTW
(1 -5 min). For instance, bacteria solely PTW-treated in ascending treatment times led to
a small rise in reduction (e.g. reduction factor of 2.4 to 3.0 for P. carotovorum). Whereas,
the combination of PTW and PPA led to a recognizable synergistic effect, which is clearly
not driven by a longer treatment time of the sanitation methods. These findings have been
valid for all bacteria (L. monocytogenes > P. carotovorum = E. coli). Controversially, the
effect is reversed for endospores of B. atrophaeus. The single use of PTW showed no
effects on spore reduction with an increase of plasma-on or incubation time. For PPA
treatment alone, a strong inactivation increase has been observed when a 50 s plasma-on
time was used. But reversely, the synergistic effect of a PTW/PPA combination reduced
the microbiological potential when the plasma-on time and the incubation time have been
increased. If synergistic effects are detectable, a combined application of PTW for
cleaning/ sanitation followed by PPA for drying/ sanitation of process surfaces may be an
alternative for regular cleaning and disinfection cycles of the production plants and
rooms. However, this is strongly dependent on the process parameters and
microorganism.
7.2 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) have been 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
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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.
Nowadays the situation is aggravated by the fact that inconsistent food safety standards
have been 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. Certainly, cleaning and disinfection
cycles that clean the production environment in terms of the removal of organic (proteins,
lipids, carbohydrates) and inorganic (salts) contaminations have been 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 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 (Tolvanén, Lundén et al.
2009; Lundén, Autio et al. 2003; Kusumaningrum, Riboldi et al. 2002). Under these
circumstances, the risk of a microbial adhesion and biofilm formation is particularly high.
Cross-contaminations, bacterial adhesion, and biofilm formation have been avoided by
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an optimized choice of materials, which can be further achieved by efficient and
sustainable agents with antimicrobial effects (Crick, Ismail et al. 2011, Gundelley, Youm
et al. 2007). 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, 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 to 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 (e.g.
SIGRIST Photometer AG, Ennetbürgen, Swiss) 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. 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 lowers 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. Thus, all machine components have to be pressure-proofed. If heat is used these
drawbacks lack when PPA is applied. The use of PTW enables the user to apply the
shearing forces of the water for cleaning; which is not possible in decontamination steps
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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. 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 (Rossi, Kylián et al. 2006, Gadri, Roth et al. 2000). The exact inactivation
mechanism of the different plasma sources has already been the subject of several reviews
(Ehlbeck, Schnabel et al. 2011, Moisan, Barbeau et al. 2001). The removal of
biomolecules such as proteins and peptides, which are also required for purification, is
also possible by plasma application (Rossi, Kylián et al. 2009).
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) (Schnabel,
Schmidt et al. 2018; Schnabel, Andrasch et al. 2015; Schnabel, Niquet et al. 2015;
Schnabel, Andrasch et al. 2014; Fröhling, Durek et al. 2012, Schnabel, Niquet et al.
2012b). 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
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industry fulfill these requirements, which give the PTW/ PPA processes a wide range for
their industrial application.
7.3 Methodology
7.3.1 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), Escherichia coli K12 (NCTC 10538),
Listeria moncytogenes (ATCC 15313), and endospores of Bacillus atrophaeus (ATCC
9372) have been used for microbial investigations. All bacteria and spores have been
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 listeriotic 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 (Buchanan, Gorris et al. 2017;
Ramaswamy, Cresence et al. 2007). The bacterium E. coli is a Gram-negative mostly
harmless part of the guttural normal intestinal flora of warm-blooded organisms like
humans (Tenaillon, Skurnik et al. 2010; Singleton 1999; Bentley, Meganathan 1982).
Therefore, it has been expelled into the environment within fecal matter (Russell, Jarvis
2001). 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 (CDC
2012; Vogt, Dippold 2005). E. coli K12 is a common laboratory strain with low handling

169

risks due to a mutation that prevents O-antigen formation. Endospores of Bacillus
atrophaeus are test strains for EO and H2O2 sterilization (ISO 2009; Kerkulek 1975) 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 have been stored at -80 °C and freshly cultivated in nutrient broth
and on nutrient agar at specific incubation temperatures as required by them (Table 26).
The spores have been stored at 7 °C and used directly in dilutions with
NaCl solution (0.85 %).
For experimental use, one inoculation loop of inoculated broth has been cultured on agar
for 24 hours at specific incubation temperature and afterwards it has been stored at 7 °C
until use. The maximum storage time was 3 weeks.

Table 26: 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.
Incubation
microorganism

Nutrient broth

Nutrient agar
temperature [°C]

Standard

Standard Nutrient

Nutrient Broth I

Agar I

CASO

CASO

Standard

Standard Nutrient

Nutrient Broth I

Agar I

CASO

CASO

P. carotovorum

E. coli K12

22

L. moncytogenes

37

37

B. atrophaeus
spores
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37

7.3.2 Specimen
The microorganism have been grown on biocompatible polyethylene (PE) polymeric
stripes in the size of 32x8x2 mm³. PE is a polymer that is frequently used in food industry
for conveyer belts, transport or collecting boxes, and packaging material. The specimen
have been 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 based on
three biological and experimental replications.

7.3.3 Contamination of specimens and recovery of surviving microorganisms
7.3.3.1 Contamination
For a first step contamination of the PE-stripes, a 4-hour culture with bacteria at
exponential growth stage has been prepared by using 20 ml of inoculated nutrient broth.
Inoculation of the broth has been done by adding three colony-forming units (cfu) with
an inoculation loop. The inoculated broth has not been shaken during the incubation time.
Thus, bacteria in the exponential growth phase have been achieved. After this first
incubation step, 1 ml of the 4-hour culture has been used for dilution in 30 ml fresh
nutrient broth. A volume of 60 ml (2x 30 ml) has been needed for the contamination of
30 PE-stripes. For each experiment, 30 PE-stripes have been needed and prepared. The
sterilized PE-stripes have been added to 2 ml tubes with a screw cap and submerged in
1.3 ml of the diluted 4-hour culture. The closed tubes have been shaken 24 hours at the
required incubation temperature. Shaking has been done with 80 rpm. Thus, bacteria in
the stationary growth phase have been achieved. The inoculated PE-stripes have been
washed three times with PBS, transferred to a new 2 ml screw cap tube, and kept closed
before the PTW/PPA treatment took place.
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The inoculation of the PE-stripes with endospores of B. atrophaeus has been done
differently, because the spores are a dormant living form and grow not actively on the
stripes. For each PE-stripe 100 µl have been pipetted on each side. The drying of each
side required 2-3 hours and has been realized under laminar flow conditions. The
spore-inoculated stripes have been also transferred to 2 ml screw cap tubes for PTW/PPA
treatment.
7.3.3.2 Recovery of the microorganisms
Subsequently to a fractionated or combined PTW and PPA treatment, the surviving
colony-forming units have been recovered. For this purpose, the treated PE strips have
been transferred into 10 ml nutrient broth and shaken for 15 min at 300 rpm. The resulting
suspensions have been used for dilutions and further investigations. By using the surfacespread-plate count method, the colony-forming units have been 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 have been plated
out. Serial dilutions have been 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 have been counted manually.
7.3.4 Plasma processed air (PPA) generation
The generation of plasma-processed air (PPA) for the non-thermal treatment of the
contaminated samples has been carried out with a microwave driven discharge device.
The arrangement used is shown in Figure 43. 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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The main components of PPA are RNA (reactive nitrogen species) and non-processed air.
RNAs are known as antimicrobial agents (Schnabel, Andrasch et al. 2015; Ehlbeck,
Brandenburg et al. 2008).

Figure 43: Scheme of the microwave-setup for the generation of PPA (plasma processed
air) (Baeva, Andrasch et al. 2014; Krohmann, Neumann et al. 2005).

7.3.5 Chemistry of plasma processed air (PPA)
Pipa et al. (2012) performed an analysis of the microwave plasma with optical emission
spectroscopy (OES) (Pipa, Andrasch et al. 2012). The measurements of the microwave
plasma have been also using 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 have been
identified.
The plasma effluent has been analyzed by mass spectrometry; these results have been
published by Schnabel et al. (2015) (Schnabel, Andrasch et al. 2015). The results of these
analysis showed that only 2.6 % of the compressed air used as working gas, has 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 (Schnabel, Andrasch et al. 2015; Baeva, Rackow et al. 2011). Due to high
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discharge temperatures, Ozone (O3), a well-known antimicrobial effective ROS, could
not be detected (Schnabel, Andrasch et al. 2014).
The specific concentration of NO2, which is the most detected RNS in mass spectrometry,
has been measured by a self-constructed NO2 sensor which has been calibrated by usage
of test gas (Linde AG, Pullach, Germany: test gas NO2 3.19% and synthetic air). The
sensor has been based on absorbance measurements of NO2-bands at 400 nm (Kirmse,
Delon et al. 1997). The plasma-on time dependent NO2 concentration was about 5000
ppm for 5 s on time and about 12700 ppm for 50 s (Schnabel, Schmidt et al. 2018).
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 (Schnabel, Niquet et al. 2016a). A support of the observed antimicrobial effects by
other compounds hosted in PPA/PTW may be possible.

7.3.6 Plasma treated water (PTW) generation
Non-thermal plasma treatment of the contaminated specimens has been done with
microwave driven discharge generated PTW by contact of PPA with distilled, sterile
water (Figure 44). The generated PPA has been cooled down to room temperature and
could react with the water (10 ml). The PTW has been used in a volume of 1.3 ml for
each PE-stripe.
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Figure 44: Scheme of the microwave-setup for the generation of PTW (plasma treated
water).
7.3.7 Chemical analysis of plasma treated water (PTW)
7.3.7.1 Ion chromatography for nitrite and nitrate detection
Immediately after preparation, the PTW has been diluted with PBS buffer pH 7.4 at a
ratio of 1:10 or higher. Nitrite and Nitrate have been determinated by ion chromatography
(IC). IC has been 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 have been used for separation. As eluent 3.2 mmol l-1 of
Na2CO3/1 mmol l-1 NaHCO3 has been used and the flow rate was 0.8 ml min -1. The
column temperature was 20 °C. The IC has been equipped with a conductivity detector
and a scanning UV detector. The UV detector operates at 220 nm.

7.3.7.2 Photometric detection of nitrite
Additionally, nitrite has been determined photometrical by the nitrite test Spectroquant®
(Merck KGaA, Darmstadt,Germany). The spectrophotometric measurements have been
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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 (DIN EN 26777).

7.3.8 Single and combined treatment with PTW and PPA
7.3.8.1 PPA treatment
During the individual treatment with PPA, the discharge has been ignited for 5, 15 or 50 s
(pre-treatment, plasma-on-time). The PPA has been generated in these time windows.
Due to the software control, the gas flux and the microwave power are limited by the pretreatment duration. The amount of generated NO2 has been measured and published
before (Schnabel, Schmidt et al. 2018).
Subsequently, samples have been treated 1, 3 and 5 min with the generated PPA
(post-treatment time). The PPA-incubation period has been stopped by evacuating the
PPA in the sample-loaded reaction chamber with pure compressed air. A step, which has
been repeated twice in a row. The treatment chamber had a volume of 4.5 l
(270x185x150 mm) and the samples have been fixed free standing inside the chamber to
keep the contact areas as small as possible.
The detected inactivation of the microorganisms has been 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 has been indicated with 0 min, which means these
samples have been exposed to an airflow instead of a PPA flow.

7.3.8.2 PTW treatment
For PTW production, the PPA has been introduced into distilled, sterile water. The
resulting PTW has been used solely to inactivate the contaminated PE strips. As shortly
mentioned above, the discharge has been ignited for 5, 15 or 50 s (pre-treatment,
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plasma-on time). Subsequently, the samples have been treated for 1, 3 and 5 minutes with
PTW (post-treatment time). A volume of 1.3 ml PTW has been added to the PE strips in
the screw cap tubes to start the decontamination process. To stop the post-treatment time,
the PTW has been 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 has been then continued as described in 7.3.3.2. The observed
inactivation of microorganisms has been dependent on incubation with long-lived
reactive species in the PTW and acidification of the PTW during the post-plasma
treatment time.
7.3.8.3 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 7.3.8.1 and 7.3.8.2, have
been matched.
In a first step, PTW has been added to the specimen for decontamination and in a second
step; these treated specimens have been dried and decontaminated by PPA. Different
treatment times of combined PTW and PPA have been tested (Table 27).
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Table 27: Investigated pre- and post-treatment times of PTW and PPA applied separately
and in combination.
PTW
PPA

5s+1

5s+3

5s+5

15 s +

15 s +

15 s +

50 s +

50 s +

50 s +

min

min

min

1 min

3 min

5 min

1 min

3 min

5 min

x

x

x

x

x

x

x

x

x

x

x

x

s

x

x

s

x

x

s

x

x

x

s

x

x

s

x

x

s

x

x

x

s

x

x

s

x

x

s

x

x

x

s

x

x

s

x

x

s

x

x

x

s

x

x

s

x

x

s

x

x

x

s

x

x

s

x

x

s

x

x

x

s

x

x

s

x

x

s

x

x

x

s

x

x

s

x

x

s

x

x

x

s

x

x

s

x

x

s

w/o

w/o
5s+1
min
5s+3
min
5s+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 = without, single treatment with PPA or PTW
x = all investigated microorganisms (bacteria, spores)
s = only endospores of B. atrophaeus
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7.4 Results
7.4.1 Antimicrobial efficacy and synergistic effects
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 (RF) 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 have been evaluated by the determination of the RF, which has been
calculated as a ratio between the concentration of the microorganisms on a reference and
the concentration on a treated sample. The concentrations of microorganisms have been
determined on agar-plates as described above. Counted samples underwent either a
separated treatment or a combined procedure.
For treated samples, the RF has been calculated as follows:

(1)

𝑅𝐹 =

𝑛

∶ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑛

∶ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒
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The standard deviation of the reduction factor (ΔRF) has been calculated as follows:

Δ𝑅𝐹 =

=

=−

Δ𝑅𝐹 =

⋅ Δ𝑛

+

⋅ Δ𝑛

(2)

(𝑖)

(3)

()

(4)

()

()

⋅ Δ𝑛

+

Δ𝑛

∶ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

Δ𝑛

(𝑖) ∶ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖

()

⋅ Δ𝑛

(𝑖)

(5)

Δ𝑅𝐹 ∶ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
Table 28-31 show the RFs, which have been obtained in measurements with separated
and combined PTW/PPA-treatments. If the combined PTW/ PPA-treatment was
antagonistic (RFcomb < RFadd), additive (RFcomb = RFadd) or synergistic (RFcomb > RFadd) is
shown by the colors red, yellow and green, respectively. In detail, table cells colored red
show an experimental reduction factor of a combined PTW/PPA-treatment that is lower
than an additive RF of the two separated treatments. Yellow colored cells represent a
combined treatment where the RF is as high as the RF obtained in individual experiments.
Finally, green shows the synergistic effect where the RF is higher than the added one.
Blue has been used when the detection limit has been reached and a numerical comparison
between RFcomb and RFadd appeared impossible.
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The following explanation should help to understand Tables 28 to 31, all examples can
be found in Table 28:
Red color:

- example for PTW with 15 s pre-treatment + 1min 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 RF, still lower than 3.38
- table field is marked with red, due to antagonistic value for RF

Yellow color: - example for PTW with 5s pre-treatment + 1min 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
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- 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 RF, 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 RF
Green color: - example for PTW with 5s pre-treatment + 1min 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 RF, still higher than 3.94
- table field is marked with green, due to synergistic value for RF
Blue color:

- example for PTW with 5s pre-treatment + 1min 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
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- 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 has been reached, no comparison
between experimental and calculated RF for combined treatment possible
- table field is marked with blue, due to reaching the detection limit for
experimental RF
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7.4.1.1 Pectobacterium carotovorum ATCC 15713
Table 28 shows the results for the separated and combined treatments of P. carotovorum
with PTW and PPA.
Table 28: Experimental (RFcomb) and calculated (RFadd) data of separated and combined
use of PPA and PTW 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.
PTW

PP

5s+1

5s+3

5s+5

15 s + 1

15 s + 3

15 s + 5

50 s + 1

50 s + 3

min

min

min

min

min

min

min

min

min

Experiment

2.46±0.1

2.57±0.5

2.57±0.3

2.51±0.1

2.56±0.2

2.73±0.2

2.69±0.0

2.89±0.2

3.01±0.3

al

0

5

8

8

4

6

2

6

7

3.93±0.6

A

w/o

w/o

Calculated
5s

Experiment

0.87±0.4

2.76±0.6

2.93±0.5

1.91±0.5

2.82±0.2

4.62±0.2

+1

al

9

5

6

3

4

0

0

min

Calculated

3.33

3.44

3.38

3.43

3.56

3.76

2.49±0.4

2.85±0.5

3.74±0.0

4.45±0.3

4.57±0.0

2

3

2

2

0

3.95

4.06

4.00

4.05

4.18

4.38
4.57±0.0

5s

Experiment

1.49±0.2

+3

al

3

min

Calculated

4.32±0.4

5s

Experiment

1.84±1.0

4.73±0.0

3.73±0.0

3.12±0.6

4.33±0.5

4.72±0.0

+5

al

6

0

0

0

9

0

0

min

Calculated

4.30

4.41

4.35

4.40

4.53

4.73

15

Experiment

1.48±.01

5.00±0.5

4.73±0.0

3.14±1.1

5.07±0.6

5.42±0.3

5.57±0.0

s+

al

6

4

0

4

9

5

0

1

Calculated

3.94

4.05

3.99

4.04

4.17

4.37

min
15

Experiment

1.47±0.3

5.56±0.1

4.73±0.0

4.67±1.0

5.96±0.1

5.72±0.0

5.57±0.0

s+

al

0

7

0

8

7

0

0

3

Calculated

3.93

4.04

3.98

4.03

4.16

4.36

min
15

Experiment

2.81±0.4

5.69±0.0

4.73±0.0

6.39±0.0

6.08±0.0

5.72±0.0

5.57±0.0

s+

al

4

0

0

0

0

0

0

5

Calculated

5.27

5.38

5.32

5.37

5.50

5.70

min
50

Experiment

1.85±0.3

5.69±0.0

4.73±0.0

6.39±0.0

5.71±0.4

5.72±0.0

5.57±0.0

s+

al

3

0

0

0

0

0

0

1

Calculated

4.31

4.42

4.36

4.41

4.54

4.74

6.39±0.0

5.96±0.1

5.72±0.0

5.57±0.0

0

7

0

0

min
50

Experiment

1.94±0.2

5.69±0.0

s+

al

2

0

3

Calculated

min

4.73±0.0

4.40

4.51

4.45

4.50

4.63

4.83

50

Experiment

3.64±0.9

5.69±0.0

4.73±0.0

6.39±0.0

6.08±0.0

5.72±0.0

5.57±0.0

s+

al

3

0

0

0

0

0

0

5

Calculated

6.10

6.21

6.15

6.20

6.33

6.53

min
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50 s + 5

7.4.1.2 Listeria monocytogenes ATCC 15313
Table 29 displays the reduction factors for L. monocytogenes obtained in separated and
combined PTW and PPA treatments.
Table 29: Experimental and calculated data of separated and combined use of PPA and
PTW 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.
PTW

PP

5s+1

5s+3

5s+5

15 s + 1

15 s + 3

15 s + 5

50 s + 1

50 s + 3

min

min

min

min

min

min

min

min

min

Experiment

0.65±0.0

0.67±0.0

0.71±0.1

1.03±0.2

0.82±0.1

1.12±0.3

1.35±0.0

1.35±0.0

1.43±0.0

w/o

al

5

2

5

5

6

4

3

6

7

5s

Experiment

0.91±0.1

1.72±0.3

2.60±0.1

1.85±0.2

2.45±0.7

2.70±0.2

2.63±0.1

+1

al

8

1

9

5

2

9

1

min

Calculated

1.56

1.58

1.94

1.73

2.26

2.26
3.20±0.5

A

w/o

Calculated

5s

Experiment

1.11±0.0

1.93±0.4

2.97±0.1

1.98±0.5

2.51±0.5

2.85±0.4

+3

al

8

7

9

0

9

4

5

min

Calculated

1.76

1.78

2.14

1.93

2.46

2.46
4.02±0.5

5s

Experiment

1.24±0.2

2.67±0.1

3.18±0.1

2.46±0.4

2.58±0.2

3.99±0.4

+5

al

9

0

5

4

5

9

8

min

Calculated

1.89

1.91

2.27

2.06

2.59

2.59

15

Experiment

1.05±.05

2.95±0.1

3.58±0.1

2.97±0.3

3.18±0.7

5.17±0.2

4.06±1.0

s+

al

2

9

5

6

5

4

1

1

Calculated

1.70

1.72

2.08

1.88

2.40

2.40

min
15

Experiment

1.94±0.1

5.50±0.2

4.06±0.1

4.22±0.7

3.42±0.1

4.99±0.3

5.20±0.4

s+

al

4

8

2

5

2

9

5

3

Calculated

2.59

2.61

2.97

2.76

3.29

3.29

min
15

Experiment

2.50±0.0

5.72±0.0

4.93±0.3

5.34±0.0

4.78±0.0

4.90±0.4

5.33±0.3

s+

al

8

0

1

0

0

2

5

5

Calculated

3.15

3.17

3.53

3.32

3.85

3.85

min
50

Experiment

3.25±0.8

5.72±0.0

5.02±0.5

5.34±0.0

4.78±0.0

5.34±0.1

5.26±0.4

s+

al

4

0

1

0

0

7

0

1

Calculated

3.90

3.92

4.28

4.08

4.60

4.60

min
50

Experiment

4.53±0.0

5.72±0.0

5.18±0.4

5.34±0.0

4.78±0.0

5.47±0.0

5.63±0.0

s+

al

0

0

9

0

0

0

0

3

Calculated

5.18

5.20

5.56

5.36

5.88

5.88

min
50

Experiment

4.53±0.0

5.72±0.0

5.35±0.3

5.34±0.0

4.78±0.0

5.47±0.0

5.63±0.0

s+

al

0

0

5

0

0

0

0

5

Calculated

5.18

5.20

5.56

5.36

5.88

5.88

min
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7.4.1.3 Escherichia coli K12 NCTC 10538
Table 30 gives the results for the separated and combined treatment of E. coli with PTW
and PPA.
Table 30: Experimental and calculated data of a separated and combined use of PPA and
PTW 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.
PTW

PP

5s+1

5s+3

5s+5

15 s + 1

15 s + 3

15 s + 5

50 s + 1

50 s + 3

min

min

min

min

min

min

min

min

min

Experiment

0.77±0.1

1.01±0.1

0.73±0.0

1.08±0.1

1.48±0.2

1.41±0.2

1.50±0.1

1.82±0.0

2.12±0.1

al

1

4

4

6

7

9

8

3

1

2.77±1.5

A

w/o

w/o

Calculated
5s

Experiment

1.53±0.1

2.03±0.3

1.68±0.2

1.91±0.4

2.77±0.3

3.80±0.5

+1

al

3

4

7

3

7

3

9

min

Calculated

2.30

2.54

2.61

3.01

3.03

3.35
3.03±0.4

5s

Experiment

1.44±0.0

1.64±0.1

1.77±0.7

1.90±1.3

2.79±0.5

4.47±0.0

+3

al

5

3

6

7

0

0

4

min

Calculated

2.21

2.45

2.52

2.92

2.94

3.26
3.86±0.9

5s

Experiment

1.41±0.0

3.07±0.8

2.09±0.9

1.96±1.5

3.39±0.6

4.47±0.0

+5

al

9

5

6

3

4

0

6

min

Calculated

2.18

2.42

2.49

2.89

2.91

3.23

15

Experiment

2.25±.0.

3.75±0.4

3.00±0.3

2.85±1.0

4.24±0.7

3.99±0.3

5.37±0.0

s+

al

60

9

0

3

0

9

0

1

Calculated

3.02

3.26

3.38

3.73

3.75

4.07

min
15

Experiment

3.78±0.6

4.23±0.0

5.04±0.2

4.47±0.0

5.14±0.0

4.47±0.0

5.37±0.0

s+

al

0

0

8

0

0

0

0

3

Calculated

4.55

4.79

4.86

5.26

5.28

5.60

min
15

Experiment

4.42±0.0

4.23±0.0

5.27±0.0

4.47±0.0

5.14±0.0

4.47±0.0

5.37±0.0

s+

al

0

0

0

0

0

0

0

5

Calculated

5.19

5.43

5.50

5.90

5.92

6.24

min
50

Experiment

4.42±0.0

4.23±0.0

5.27±0.0

4.47±0.0

5.14±0.0

4.47±0.0

5.37±0.0

s+

al

0

0

0

0

0

0

0

1

Calculated

5.19

5.43

5.50

5.90

5.92

6.24

min
50

Experiment

4.42±0.0

4.23±0.0

5.27±0.0

4.47±0.0

5.14±0.0

4.47±0.0

5.37±0.0

s+

al

0

0

0

0

0

0

0

3

Calculated

5.19

5.43

5.50

5.90

5.92

6.24

min
50

Experiment

4.42±0.0

4.23±0.0

5.27±0.0

4.47±0.0

5.14±0.0

4.47±0.0

5.37±0.0

s+

al

0

0

0

0

0

0

0

5

Calculated

5.19

5.43

5.50

5.90

5.92

6.24

min
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7.4.1.4 Bacillus atrophaeus endospores ATCC 9372
Table 31 shows the reduction factors for B. atrophaeus endospores obtained through
separated and combined PTW and PPA treatments.
Table 31: Experimental and calculated data of separated and combined use of PPA and
PTW 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.
PTW

PP

5s+1

5s+3

5s+5

15 s + 1

15 s + 3

15 s + 5

50 s + 1

50 s + 3

min

min

min

min

min

min

min

min

min

Experiment

0.38±0.1

0.31±0.2

0.35±0.0

0.09±0.4

0.14±0.0

0.31±0.0

0.01±0.1

0.16±0.0

0.45±0.1

al

2

6

5

0

4

8

2

9

7
1.28±0.1

A

w/o

w/o

50 s + 5

Calculated
5s

Experiment

0.12±0.0

0.73±0.5

1.73±0.1

1.67±0.1

1.53±0.1

0.03±1.0

2.48±0.0

2.33±0.0

1.89±1.0

+1

al

3

5

0

9

8

5

7

4

0

8

min

Calculated

0.50

0.43

0.47

0.21

0.26

0.43

0.13

0.28

0.57
1.39±0.2

5s

Experiment

0.25±0.1

1.36±0.2

1.91±0.1

2.07±0.2

1.54±0.1

1.51±0.1

2.57±0.1

2.31±0.1

2.74±0.2

+3

al

7

2

7

7

0

4

7

7

1

8

min

Calculated

0.63

0.56

0.60

0.34

0.39

0.56

0.26

0.41

0.70

1.40±0.3

2.07±0.1

2.24±0.1

1.70±0.1

1.64±0.2

2.70±0.3

2.77±0.3

2.74±0.4

1.35±0.0

7

6

1

5

9

5

0

6

9

0.07

5s
+5
min

Experiment

-

al

0.02±0.1
2

0.36

0.29

0.33

15

Experiment

Calculated
0.11±.0.

1.11±0.1

1.56±0.4

1.78±0.2

s+

al

06

8

5

9

1

Calculated

0.49

0.42

0.46

1.74±0.1

1.68±0.4

7

2

0.27

min
15

Experiment

-

s+

al

0.11±0.0
7

3
min

Calculated

15

Experiment

-

s+

al

0.46±0.5
0

5

0.12

0.29

-0.01

0.14

0.43

0.80±0.5

2.66±0.4

2.31±0.3

2.62±0.1

1.13±0.1

4

2

8

0

9

0.20

0.25

0.42

0.12

0.27

0.56

1.88±0.2

1.65±0.0

1.50±0.1

2.71±0.3

2.32±0.2

2.93±0.2

1.77±0.3

1

7

2

3

4

7

1

0.20

0.24

-0.02

0.03

0.20

-0.10

0.05

0.34

2.23±0.1

1.79±0.9

2.31±0.2

1.72±0.1

1.93±0.1

2.81±0.3

2.64±0.7

3.19±0.2

2.03±0.3

9

9

8

5

8

8

9

6

3

1.73±0.1

min

Calculated

-0.08

-0.15

-0.11

-0.37

-0.32

-0.15

-0.45

-0.30

-0.01

50

Experiment

1.04±0.5

2.28±0.5

1.90±0.7

1.79±0.0

1.71±0.4

0.57±0.5

2.47±0.5

2.77±0.7

2.71±0.1

1.38±0.1

s+

al

0

9

7

9

3

4

8

1

4

9

1

Calculated

1.42

1.35

1.39

1.13

1.18

1.35

1.05

1.20

1.49

min
50

Experiment

1.61±0.3

2.37±0.5

2.07±0.2

1.99±0.2

1.64±0.2

1.71±0.1

2.52±0.1

2.64±0.2

2.77±0.2

2.07±0.5

s+

al

8

4

8

1

0

5

4

3

9

1

3

Calculated

1.99

1.92

1.96

1.70

1.75

1.92

1.62

1.77

2.06

min
50

Experiment

2.74±0.1

2.78±0.3

2.31±0.3

3.49±0.5

2.13±0.5

2.61±0.3

3.00±0.6

2.91±0.6

3.57±0.3

2.99±0.6

s+

al

7

0

0

1

9

3

7

3

2

8

5

Calculated

3.12

3.05

3.09

2.83

2.88

3.05

2.75

2.90

3.19

min
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7.4.2 Chemical analysis of PTW
7.4.2.1 Influence of pH value
After dilution of the PTW with PBS buffer, which has been set by pH 7.4, the pH of the
mixture drops 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 have been found in a stable equilibrium for at least four
hours (data not shown).
7.4.2.2 Nitrite measurement
As expected, the nitrite values have a pronounced dependency on the pre-treatment time
(plasma on time). The concentrations have been found between 76.2 to 417.1 mg l-1 in
photometric measurements and from 83.1 to 476.9 mg l-1 for an ion chromatographic
analysis (Figure 45). In between their error margins, the photometrically determined
values show a distinct correlation with values obtained from ion chromatographic
measurements (Figure 46). Which is remarkable, 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) indicate solutions that do not optically disturb the
photometric nitrite determination in PTW.
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Photometry

Ion chromatography

nitrite concentration [mg L-1]

600
500
400
300
200
100
0
5

15

25

50

pre-treatment [s]

pre-treatment [s]
5
15
25
50

photometry
concentration in [mg l-1]
mean
standard deviation
76.2
41.3
186.9
36.0
186.5
56.4
417.1
52.7

mean
83.1
204.0
189.2
476.9

ion chromotography
concentration in [mg l-1]
standrad deviation
45.7
53.1
50.5
66.9

Figure 45: Nitrite concentrations of PTW with pre-treatment time (plasma on) from 5 up
to 50 seconds measured by photometry and ion chromatography. N=10.

Ion chromatography [mg L-1

700
600

y = 1.1579x - 9.2247
R² = 0.9803

500
400
300
200
100
0
0

200

400

600

800

Photometry [mg L-1]

Figure 46: Correlation of nitrite concentration measured with photometry and with ion
chromatography.
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7.4.2.3 Nitrate measurements
Consequently, the nitrate values showed also a dependency on the pre-treatment time
(plasma-on time), which means ranged from 210.3 to 1644.4 mg l-1 (Figure 47).
In contrast to nitrite, the nitrate values determined with nitrate test Spectroquant® differ
significantly from IC values (data not shown), which is caused by a disturbance of nitrite
in the measurement solution. Thus, Figure 47 only gives the nitrate values obtained by
IC. The nitrate values are 2.7 to 3.9 times higher than the nitrite values.

nitrate concentration [mg L-1]

2000

1500

1000

500

0
5

15

25

50

pre-treatment [s]

ion chromotography
concentration in [mg l-1]
pre-treatment [s] mean standard deviation
5
210.3
175.4
15
609.1
202.3
25
613.7
229.5
50
1644.4
321.5

Figure 47: Nitrate concentrations of PTW with pre-treatment time (plasma on) from 5 up
to 50 seconds measured by ion chromatography. N=10.
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7.5 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 food-borne 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 (Martinez-Tellez, Rodriguez-Leyva et
al. 2009). Usually, bacterial and fungal contaminations of foods or their processing
environments plus interrupted freezer chains are responsible for food-borne 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
191

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 been often 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 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 face a wide range of challenges. Thus, it have
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 (Misra, Tiwari et al. 2011). 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 nonthermal treatment mode, makes non-thermal plasmas particularly attractive for the
decontamination in food processing (Yu, Perni et al. 2006). Plasma processes are usually
easy to use, inexpensive and suitable for the decontamination of products where high heat
is not desired (Ragni, Berardinelli et al. 2010). 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,
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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
(Ehlbeck, Schnabel et al. 2011). 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 5 s +
1 min treatment shows also additive effects. Extension of the PPA treatment to 50 s
combined with 1, 3 and 5 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 (Schnabel, Schmidt et al. 2018 ,
Schnabel, Niquet et al. 2016a, 2016b, Schnabel, Sydow et al. 2015).
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
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unidentified. A first aspect of inactivation could be an acidification (Oehmigen,
Hähnel et al. 2010) 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
(Niquet, Böhm et al. 2018, Schnabel, Niquet et al. 2016b, Mann, Schnabel et al. 2015,
Schnabel, Andrasch et al. 2015). 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 the 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 (Maeda, Igura et al. 2003). 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 clearness about
synergistic efficacy.
The importance of the moisture of a plasma gas for the inactivation of Bacillus subtilis
endospores and Aspergillus niger conidiospores has been also investigated by Muranyi,
Wunderlich et al. (2008). These scientists showed reductions up to 5 lg within 7 s at zero
percent relative gas humidity and up to 4 lg at 80 % gas humidity for the endospores.
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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
has been 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. Thus, 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 probablythat 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 (Ehlbeck, Schnabel et al. 2011; Oehmigen, Hähnel
et al. 2010; Laroussi 2005). 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 (Falkenstein 1997). Another highly antimicrobial
effective chemical, hydrogen peroxide, can be formed by the reaction of two OH*
(Purevdoji, Igura et al. 2003). 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 live radicals
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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 (von Woedtke, Oehmigen et al.
2012; Oehmigen, Hähnel et al. 2010). 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 (von Woedtke, Oehmigen et al. 2012; Oehmigen, Hähnel et al. 2010).
Dinitrogen pentoxide can react with water to NO3− and H+.
However, in our experimental set-up, OH radicals have not been detected. Which 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 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
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influenced by the pH, may result in the observed microbial inactivation. Further
investigation 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, which is to be mentioned 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 (Aertsen,
Michiels 2004; Oliver 1993). 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 (Ramamurthy, Ghosh et al. 2014; Rice, McDougald et al. 2000).
Contrary, the synthesis of macromolecules and cell breath is limited (Rahman, Shahamat
et al. 1994). Furthermore, changes in fatty acid and protein composition of the double
lipid layer (cytoplasmic membrane and cell wall) are possible (Magnet, Dubost et al.
2008; Muela, Seco et al. 2008; Day, Oliver 2004; Signoretto, Lleó et al. 2002). 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 (Alleron, Khemiri et al. 2013; Aurass, Prager et al. 2011;
Cappelier, Besnard et al. 2007; Maalej, Gdoura et al. 2004; Mary, Chihib et al. 2002;
Grey, Steck 2001; Besnard, Federighi et al. 2000; Gauthier 2000; Roth, Leckie et al.
1988; Rollins, Colwell 1986; Xu, Roberts et al 1982). The resuscitation of VBNC cells is
possible but not imperatively required (Arana, Orruno et al. 2007; Lleó, Benedetti et al.
2007). Resuscitation, which means that the bacteria gains back the proliferative ability, is
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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 (Cappelier, Besnard et al. 2007; Maalej, Gdoura et al.
2004); 2) with substances that can repair cell damage, e.g. ammonium chloride or sulphate
(Wai, Mizunoe et al. 2000, Kurokawa, Nukina et al. 1999); 3) addition of cell-own or
cell-typical signaling molecules, e.g. pyruvate, RpF protein (Ducret, Chabalier et al.
2014; Morishige, Fujimori et al. 2013; Mukamolova, Kaprelyants et al. 1998; Calabrese,
Bissonnette 1990). 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 (Ramamurthy, Ghosh et al. 2014;
Pasquaroli, Zandri et al. 2013; Hu, Coates et al. 2012; Lleó, Benedetti et al. 2007; Ehrlich,
Veeh et al. 2002). Currently, literature describes for more than 60 species of bacteria the
ability to change to VBNC status, including E. coli and L. monocytogenes (Oliver 2005,
2010). 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, regardless whether used separated or
combined, on abiotic surfaces in contact with fresh produces seems to be possible.
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 one on odor. The use of PTW for lettuce washing also resulted in no negative effects
on texture and color (Schnabel, Andrasch et al. 2019; Schnabel, Sydow et al. 2015).
However, plants use radicals like ROS and RNS as a defense mechanism. This
mechanism can have a more local or a wider, systemic appearance (Lindermayr,
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Sell et al. 2010; Lindermayr, Saalbach etal. 2005). An important messenger in their
defense signal pathways is NO* (Delledonne, Xia et al. 1998; Durner, Wendehenne et al.
1998). 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 (Lee, Wie et al. 2008; Seligman, Saviani et al. 2008; Zhang,
Wang et al. 2006; Bethke, Gubler et al. 2004; Pagnussat, Lanteri et al. 2003; Neill,
Desikan et al. 2002a, b). 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 as
necessary for other chemicals is needed.

7.6 Conclusion
The innovative method for the generation of antimicrobial effective water and air
presented within this work showed the inactivation capacity of a separated use of PTW
and PPA as well as its synergistic effects if applied in combination. One single plasma
source, working self-supporting and on-demand can provide two different antimicrobial
agents, flexible in application and combination. The inactivation as well as synergistic
antimicrobial effects mainly depend on pre- and post-treatment times. One reason can be
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the increase of RNS during pre-treatment time, which has been shown by nitrite test-kit
analyses and ion chromatography.
However, the promising results and the advantages of plasma processed air and of plasma
treated water (low-temperature, simple and cheap generation, avoidance of chemicals like
fungicides and bactericides) offer a wide range of possible applications in the cleaning
and disinfection cycles of the food production plants and rooms.
The technical implementation and up scaling of PPA/PTW-technology into industrial
processes will be the future challenge.
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8. ANTIMICROBIAL EFFECTS OF MICROWAVE-INDUCED PLASMA TORCH
(MiniMIP) TREATMENT ON Candida albicans BIOFILMS
The chapter 8 is based on/ quotes the publication:
Handorf, O.; Schnabel, U.; Bösel, A.; Weihe, T.; Bekeschus, S.; Graf, A.C.; Riedel, K.;
Ehlbeck, J.: Antimicrobial effects of microwave-induced plasma torch (MiniMIP)
treatment on Candida albicans biofilms. Microbial Biotechnology 12 (2019),
pp. 1034 - 1048. DOI:10.1111/1751-7915.13459.
8.1 Summary
The susceptibility of Candida albicans biofilms to a non-thermal plasma treatment has
been investigated in terms of growth, survival, and cell viability by a series of in vitro
experiments. For different time periods, the C. albicans strain SC5314 was treated with a
microwave-induced plasma torch (MiniMIP). The MiniMIP treatment had a strong effect
(reduction factor (RF) = 2.97 after 50 s treatment) at a distance of 3 cm between the nozzle
and the superior regions of the biofilms. In addition, a viability reduction of 77 % after a
20 s plasma treatment and a metabolism reduction of 90 % after a 40 s plasma treatment
time were observed for C. albicans. After such a treatment, the biofilms revealed an
altered morphology of their cells by atomic force microscopy. Additionally, fluorescence
microscopy and confocal laser scanning-microscopy (CLSM) analyses of plasma-treated
biofilms showed, that an inactivation of cells mainly appeared on the bottom side of the
biofilms. Thus, the plasma inactivation of the overgrown surface reveals a new possibility
to combat biofilms.
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8.2 Introduction
Non-thermal plasmas (NTPs) are also known as non-equilibrium plasmas, honoring the
fact that the cooling of ions and uncharged particles is more effective than an energy
transfer of energetically excited electrons to the latter particles. Thus, the gaseous
environment is not heated up, which is contrary to thermal plasmas (Fridman, Friedman
et al. 2008). Today, NTPs play an increasingly important role in both medicine and
industry. They combine the advantage of non-thermal operation and high antimicrobial
activity (Surowsky, Schlüter et al. 2015). Hence, NTPs are used in today’s medicine for
many different applications such as wound healing ( Ghaffari, Jalili et al. 2007; Shekhter,
Serezhenkov et al. 2005), cell detachment as well as reattachment ( Kieft, Kurdi et al.
2006; Kieft, Darios et al. 2005) and biological decontamination ( Laroussi, Mendis et al.
2003; Laroussi, Alexeff et al. 2000). Due to their capability of biological
decontamination, NTPs have gained interest in many industries. In the dairy and food
industry, biofouling caused by microbial biofilms is a serious problem, which leads to a
considerable loss of resources. This is not only caused by the microbial contamination of
end products such as meat, fruits and vegetables (Kumar and Anand 1998), but also by
increased corrosion rates at processing surfaces and increased fluid frictional resistance
and heat flow across the surface (Criado, Suarez et al. 1994).
The predominant microbial life-cycle implies attachment to solid surfaces and the
formation of three-dimensional, multicellular aggregates called biofilms, which are
embedded in a self-produced, extracellular matrix (ECM) ( Serra, Hidalgo-Bastida et al.
2017; Steenackers, Parijs et al. 2016). Especially food-borne pathogens and spoilage
microorganisms like Candida albicans prefer biofilm formation on stainless steel,
aluminium, glass, polytetrafluoroethylene (PTFE) seals and polyamide (PA) material,
which are typically found in food-processing environments ( Notermanns, Dormans et al.
1991; Mafu, Roy et al. 1990; Herald and Zottola 1988). Candida spp., for example, can
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often be isolated from conveyor tracks of the food and beverage industry ( Brugnoni,
Lozano et al. 2007; Loureiro, Malfeito-Ferreira 2003).
Economic losses in the food- and healthcare sector as well as a more sensitive public
awareness puts food safety into the spotlight. Consequently, European countries
implemented the Good Manufacturing Practices (GMP) and Hazard Analysis Critical
Control Point (HACCPs) for food industries. As a consequence, in 2016 the European
Food Safety Authority was able to identify 49,950 food-borne outbreaks resulting in
illness, 3,869 hospitalizations and 20 deaths (Control and Authority 2017). Notably,
99,392 outbreaks resulting in illness were reported in the USA, leading to 2625
hospitalizations and 115 deaths (Prevention 2016). Conventional methods like the
mechanical removal of biofilms by high-pressure cleaners or brushing and wiping, indeed
lead to a loss of biomass, but not to an efficient extent. Due to intense and brief acting
shear forces, the majority of the biomass is removed but a thin biofilm most likely
remains, which further grows much denser with an increased resistance (Liu, Tay 2002).
Additionally, in older mature biofilms, significant components of the biofilm often
remain, causing the biofilm to grow again (Jang, Rusconi et al. 2017). The treatment of
biofilms with biocides is just as problematic as the biofilms show increased resistance to
these biocides compared to their planktonic counterparts. This is mainly due to the
extracellular matrix which prevents deep penetration of the biofilm with the biocides
(Bridier, Dubois-Brissonnet et al. 2011). This leads to low concentrations in the deeper
layers of the biofilm, which in turn leads to increased horizontal gene transfer of
resistance genes (Jutkina, Marathe et al. 2018). Thus, there is a strong need for novel
strategies combating biofilms in the food industry. These range from the treatment of
biofilms with special oils (Kerekes, Vidács et al. 2015) and enzymes (Meireles, Borges
et al. 2016) to bacteriophages. The treatment of microorganisms with NTPs is a constantly
growing field in which new insights into the effects are constantly being gained
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(Ermolaeva, Sysolyatina et al. 2015; Flynn, Higginbotham et al. 2015; Alkawareek,
Algwari et al. 2012; Koban, Holtfreter et al. 2011; Xu, Tu et al. 2011; Sladek, Filoche et
al. 2007). Results obtained in the here presented study suggest that the
microwave-induced plasma torch (MiniMIP) is a powerful tool for microbial
decontamination. In order to meet the industrial requirements, it is of particular
importance to find standardized parameters for the plasma source. Despite antimicrobial
effects of a different plasma source on C. albicans having been shown (Handorf, Weihe
et al. 2018), no studies exist, which investigated the effects of the MiniMIP on C. albicans
biofilms up to this date.
8.3 Methodology
8.3.1 Fungal strain and growth conditions
Because of its primarily vertical growth, C. albicans SC5314, which is a commonly used
strain in laboratory experiments, was grown on Sabouraud agar 4 % glucose (Roth,
Karlsruhe, Germany) for 24 h at 37 °C. Grown colonies were suspended in 10 ml
phosphate buffered saline (PBS; pH 7.2, according to Sörensen) to an OD600 of
0.375-0.385. Afterwards, 1 ml of the suspension was pipetted in 9 ml RPMI medium
without bicarbonate (Merck, Darmstadt, Germany). From this inoculum, 200 µl was
pipetted into each well of a 96-well plate and subsequently incubated at 37 °C and 80 rpm
on a rotary shaker for 90 min to achieve homogeneous oxygen distribution in the biofilm
resulting in improved biofilm growth compared to a static grown biofilm. Subsequently,
the medium was removed and each well was washed with 200 µl PBS and refilled with
200 µl RPMI medium to remove non-adhered cells. The plate was incubated at 37 °C and
80 rpm on a rotary shaker for 24 h. 96-well coated polystyrol plates (Sarstedt, Nümbrecht,
Germany) were used for biofilm cultivation. For scanning probe measurements (SPM),
12-well plates with 12 mm cover slips (Sarstedt, Nümbrecht, German) were used. This
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protocol was kindly provided by the research group of Christiane Yumi Koga-Ito,
Institute of Science and Technology—UNESP, Department of Oral Sciences and
Diagnosis (Borges, Lima et al. 2018).
8.3.2 Plasma source
The MiniMIP worked at a frequency of 2.45 GHz at atmospheric pressure with a forward
power in the range of 20-200 W. The microwave discharge was induced in a ceramic
tube, which has an inner radius of 0.75 mm and an outer radius of 1.5 mm. The length of
the ceramic tube is approx. 31 mm (Figure 48).

Figure 48: Structure of the microwave-driven plasma-torch MiniMIP. The ceramic tube
leads completely into the inside of the housing, where it is encased by an aluminium tube.
The ignition of the plasma takes place at the front edge of the aluminium tube and plasma
propagation is driven by the surrounding microwave field and the gas flow along the
longitudinal axis of the ceramic tube leading to a small plasma plume of about 10 mm in
length and 3 mm in diameter outside the device. left: microwave-driven plasma-torch
MiniMIP; right: schematic structure of the MiniMIP.
The ceramic tube leads completely into the inside of the housing, where it is encased by
an aluminium tube. The ignition of the plasma takes place at the front edge of the
aluminium tube and plasma propagation is driven by the surrounding microwave field
and the gas flow along the longitudinal axis of the ceramic tube leading to a small plasma
plume of about 10 mm in length and 3 mm in diameter outside the device

205

(Baeva, Bösel et al. 2012). In this work the MiniMIP was operated with a forward power
of 40 W and a reverse power of 20 W at a gas flow of 5 slm pure argon gas.
8.3.3 Plasma treatment of C. albicans SC5314 biofilms
After the incubation, mature biofilms (8.3.1) were washed with PBS (pH 7.2 according
to Sörensen) followed by a complete removal of the liquid. Throughout the treatment, the
plasma source was attached to an xyz-table, holding a constant distance between the
source and the biofilm surface. For the treatment, the MiniMIP was horizontally guided
into the center of the dwell of the biofilm under investigation and then brought into the
desired distance to the biofilm via the computer control software. During the horizontal
movement between the treatments of individual dwells, the plasma source was vertically
positioned at the distance of approx. 30 cm (10 times of the treatment distance). A
distance of 3 cm was chosen from the beginning of the outer part of the ceramic tube to
the surface of the biofilms during the treatment. Each biofilm underwent one of six
different treatment times. To avoid dehydration effects, all sample groups were treated in
a row. For the colony forming units (CFU), the fluorescence LIVE/DEAD assays and the
XTT assays, 200 µl PBS (pH 7.2 according to Sörensen) per well were added.
Subsequently, the biofilms were mechanically removed from the overgrown surface by
repeated pipetting of 200 µl PBS and the resulting cell suspensions were collected. To
ensure the transfer of the entire biofilm, this step was repeated three times in total, which
resulted in a final suspension volume of 600 µl.
8.3.4 Analytical determinations
First, the influence of the temperature on a biofilm was determined. For temperature
measurements, thermal images of the biofilms were acquired directly after plasma
treatment with a FLIR thermal imaging camera (FLIR Systems, Frankfurt am Main,
Germany) at distance of 20 cm. The temperature had no significant influence on the
biofilms (data not shown). The viability of a C. albicans biofilm after a plasma treatment
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was analyzed by counting the viable number of microorganisms via the CFU-method.
Therefore, a 1:10 serial dilution of the samples with maximum recovery diluent (MRD,
0.85 % NaCl, 1 % tryptone) was performed. Controls and the samples were diluted
1:10,000 and 1:1,000, respectively. Each dilution step was plated on Sabouraud agar by
pipetting 10 µl per dilution onto the plate and spread out using the tilting technique.
Subsequently, the plates were incubated at 37 °C for 24 h. The colonies of the dilution
levels were counted and the CFU/ml was calculated as follows:
𝐶𝐹𝑈/𝑚𝑙 =

∗

∑

∑
,

(Bast 2001)

(1)

10x = the dilution factor for the lowest dilution
v = the volume of diluted cell suspension per plate in ml
∑cy = the total number of colonies on all (ny) plates of the lowest evaluated dilution
level 10-x
∑cy+1 = the total number of colonies on all (ny+1) plates of the next highest dilution level
evaluated 10-(x+1)
After the calculation (1), the reduction factor (RF) was determined as follows:
RF = MVklog10 – MVplog10

(2)

MVklog10 = the mean value of the CFU/ml of the reference group
MVplog10 = the mean value of the CFU/ml of the treated specimens
For the final illustration of the data points, the weighted mean value of the total population
was used with the formula:

𝑥=

∑

[𝑝𝑥]
𝑝𝑥
=
∑ 𝑝
[𝑝]

The weight 𝑝 is calculated according to the following formula:
𝑝 =𝑘∗1
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𝜎

Where k = arbitrary constant. This ensures that the weight of the mean values is not
included in the calculation as values. The weighted mean value has the advantage
compared to the arithmetic mean value that it is more resistant to aberrations (Gränicher
1994).
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 (Gränicher 1994). The
experiments were repeated fourfold with n = 6.
8.3.5 Fluorescence LIVE/DEAD assay
The LIVE/DEAD BacLight™ Bacterial Viability Kit (Thermo Scientific, Waltham,
USA) was prepared according to product instructions. Subsequently, 0.9 µl of the mixture
was added to 300 µl of the sample solution (8.3.3) followed by an incubation on a rotary
shaker in the dark at room temperature for 20 min. A fluorescence microplate-reader
(Varioskan-Flash®, Thermo Scientific, Waltham, USA) was used to determine the
fluorescence of each well of a 96-well plate with an excitation wavelength of 470 nm and
an emission wavelength of 530 nm (G, green) or 630 nm (R, red). Conclusively, a ratio
G/R was calculated by dividing the fluorescence intensity value of green fluorescence by
the value of red fluorescence.
8.3.6 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, XTT was applied
to reveal the cell viability as a function of redox potential, which arises from a transplasma membrane electron transport (Scudiero, Shoemaker et al. 1988). The sterile
activation solution, which contains N-methyl dibenzopyrazine methyl sulfate (PMS) as
an intermediate electron carrier, and the XTT solution were mixed 1:50. For each well,
these mixtures were added at a ratio of 1:3 to the sample solution (8.3.3). The 96-well
208

plate was incubated at 37 °C with continuous horizontal shaking (80 rpm) in the dark for
2 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 XTT
and activation solution mix without sample. The experiments were repeated fourfold with
n=6.
8.3.7 Fluorescence microscopy
Black 96-well plates with a glass bottom (PerkinElmer, Hamburg, Germany) were used
for fluorescence microscopy. To avoid dehydration of the biofilms, plasma treated
biofilms were resuspended in 300 µl of 0.85 % NaCl after treatment. The LIVE/DEAD
BacLight™ Bacterial Viability Kit was used as previously described (8.3.5).
Epifluorescence images were acquired using Operetta CLS High-Content Imager
(PerkinElmer, Hamburg, Germany) using a 5× objective (air, NA = 0.16, Zeiss,
Oberkochen, Germany). Depending on the experiment, several fields of view were
recorded and combined in the software. SYTO™9 was excited by a 475 nm (110 mW)
LED and the fluorescence was collected with a 525 ± 25 nm band pass filter. Propidium
iodide was excited by a 550 nm (170 mW) LED and the emission light was collected with
a 610 ± 40 nm band pass filter. A laser autofocus (785 nm) was available for all
measurements. The images were displayed using Harmony 4.6 software.
8.3.8 Confocal laser scanning microscopy (CLSM)
Biofilms were cultivated (8.3.1), plasma treated (8.3.3) and LIVE/DEAD (8.3.5) stained
as previously described. The supernatant was removed after the staining and the washing
procedure. Subsequently, the biofilms were analyzed using a Zeiss LSM 510 microscope
(Carl Zeiss, Jena, Germany) equipped with a 10× objective (air, NA = 0.1). The filter and
detector settings were adapted to the fluorescent dyes SYTO™9 and propidium iodide.
The dyes were excited by an argon laser at 488 nm and the emission was collected at
505 – 530 nm (band-pass filter) and 650 nm (long-pass filter), respectively.
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(Carl Zeiss, Jena, Germany) with an area of 1272.2 µm × 1272.2 µm and z-stack sections
of 5.5 µm.
8.3.9 Atomic force microscopy
For topographic atomic force microscopy (AFM) cover slips were placed on the gel-like
mass Gelrite™ (Duchefa, Haarlem, Netherlands), which avoids unwanted adherence on
the bottom side of the cover slip. Because of its rapid curing process, 50 ml Gelrite was
autoclaved and directly used hereafter. For the preparation of the liquid mass, a 12-well
plate was used, which was filled with 200 µl per well. While it cooled down, cover slips
were placed at the surface of the hardening mass. The biofilms were cultivated as
described above (8.3.1), except that 1 ml of the C. albicans-RPMI-mix was pipetted to
each well until the coverslips were completely topped with the mix. Subsequently, the
12-well plates were incubated at 37 °C and 80 rpm on a rotary shaker for 90 min.
Hereafter, the biofilms underwent additional washing steps with 0.85 % NaCl. The
biofilms were stored overnight in 37 °C to ensure the growth of enough biofilm mass.
The cultivation medium was removed, and the biofilm-overgrown cover slips were
repeatedly washed with 1 ml 0.85 % NaCl the following day.
For the experiments, samples were treated 30 s and 60 s with the MiniMIP. Dehydration
of the cover slips 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 mounted on an optical bench encased by an additional
acoustic protection. The AFM was equipped with a linearized piezo scanner, on which
the cover slips were mounted with a metal sample holder with leading tabs. The samples
were measured using cantilevers with nominal spring constants of k = 0.1-0.6 N×m² in
contact mode, a frequency of 0.4 Hz and set point = 8 N/m² with a picture size of 20 µm².
210

Pictures were edited with Gwyddion (Czech Metrology Institute, Brno, Czech Republic).
8.3.10 Optical emission spectroscopy (OES)
For stable OES measurements, the plasma device was left in operation for 30 minutes
until condensation water escaped from the gas pipes and the effluent was optimally
adjusted. An optical fiber with an internal diameter of 400 µm was connected to the USB
compact spectrometer AvaSpec2048 (Apeldoorn, Netherlands), which was connected to
a laptop. For better focusing, the optical fiber was clamped within a holding bracket. For
measurement correction, a black cap was placed on the tip of the fiber optic cable and the
dark current was determined. Afterwards, the cap was removed and the fiber optic cable
was placed in front of the effluent and the spectra were measured. The measurement was
done for the MiniMIP and the kINPen09, an already commercial used radiofrequency
plasma source, for comparison of the OES. The data were read out using
MatLab® (MathWorks®, Natick, Massachusetts, USA) evaluated and displayed visually
as diagrams using Excel.
8.4 Results
The path of the development from a new plasma source concept to its effective use in a
specific application also includes the investigation of a potential antimicrobial impact on
surface bound biofilms and their basic physical adaptations to it. Consequently, the
presented work summarizes test series to determine the antimicrobial effect of the
MiniMIP plasma source on eukaryotic biofilms. Due to its ubiquitous presence in medical
and food sectors C. albicans has been chosen as a model microbe, because its biofilm
formation has been intensely studied and it is contaminant of medical as well as industrial
importance (Kabir, Hussain et al. 2012; Morata, Loira 2017). In particular, C. albicans
strain SC5314 is known for its rapid vertical growth and could be compared with
Saccharomyces cerevisiae, a yeast of great importance in the food and beverage industry
because of its high sugar consumption and the fermentation of juices into alcoholic end
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products (Lorenzini, Simonato et al. 2019; Walker, Stewart 2016; Battey, Duffy et al.
2002).

This

study

investigated

the

viability

of

the

cells

(revealed via the fluorescence assay (8.3.5)) and cellular metabolism (XXT) assay
(8.3.6)) and were complemented by the determination of the post-treatment viability
(CFU 8.3.4). Additionally, we used fluorescence microscopy (8.3.7), CLSM (8.3.8) and
AFM (8.3.9) to obtain optical evidence of the plasma influence on the cells. Finally, OES
(8.3.10) was used to give a general overview of the chemical composition of the plasma
gas.
8.4.1 Effects of plasma treatment on the proliferation of the cells
A reduction factor (RF) was calculated as the difference between the log10 (CFU) of an
untreated control and the log10 found for the samples after the treatment. The controls
hosted in average 106 cells. The RFs quantify the inhibitory effect of the plasmatreatment. The treatment with the MiniMIP revealed a RF of 2.97 after a 50 s treatment
(Figure 49A). The RF for the 10 s treatment with the MiniMIP shown to intersect the xaxis was not statistically significant. A continuous increase in RF could be detected up to
a 40 s plasma treatment. Longer plasma treatment times did not lead to a significant
increase in RF.
8.4.2 Effects of plasma treatment on the viability of the cells
The fluorescence LIVE/DEAD assay, which was used to detect the viability of the cells
after the plasma treatment, showed a declined G/R ratio from 2.6 to 0.58 after a 20 s
MiniMIP plasma treatment (Figure 49B), which corresponds to a 77 % reduction of the
G/R ratio. The maximum reduction observed for a MiniMIP treatment was reached after
20 s. Longer treatment times revealed no further changes in the viability.
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Figure 49: CFU, fluorescence and XTT-assay of C. albicans biofilms after treatment with
the MiniMIP. A) CFU measurements of the MiniMIP treated C. albicans biofilms. The
line with ● represents the detection limit. The line with ■ shows the reduction factor (RF)
of the different plasma treatment times. The error bars were calculated using the
propagation of error and the weighted error. The RF for the 10 s treatment with the
MiniMIP shown to intersect the x-axis was not statistically significant. B) Fluorescence
LIVE/DEAD assay of the MiniMIP treated C. albicans biofilms. The ratio G/R is defined
as the division of the emission of green fluorescence by the emission of red fluorescence.
C) XTT measurements of the MiniMIP treated C. albicans biofilms. The data points of all
measurements represent the weighted mean value of the total population of the treatment
time from the quadruple repetition n=6.
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8.4.3 Effect of plasma treatment on the metabolism of the cells
The XTT assay, which was used to determine the metabolic activity of the cells after
plasma treatment, showed a reduction in the absorption from 2.09 to 0.20 after a 40 s
MiniMIP plasma treatment (Figure 49C). It represented a reduction of 90 %. No further
decrease in the cell metabolism could be measured for longer treatment times.

8.4.4 Fluorescence microscopic confirmation of plasma treatment effects
Fluorescence microscopy indicated a massive impact of the plasma treatment on cells
which were located on the bottom of the biofilms already after a 20 - 30 s treatment
(Figure 50B-C). The biofilm degenerated from its exterior and the inactivation of cells
amplified into the center of the biofilm with increasing treatment times (Figure 50D-G).
After 60 s treatment time, almost the entire biofilm was affected by the treatment (Figure
50G).

Figure 50: Overview with the Operetta CLS fluorescence microscope of MiniMIP-treated
biofilms. A) control; B) 10 s plasma treatment time; C) 20 s plasma treatment time;
D) 30 s plasma treatment time; E) 40 s plasma treatment time; F) 50 s plasma treatment
time; G) 60 s plasma treatment time. The biofilms were stained with SYTO9 (green
fluorescence for all cells) and propidium iodide (red fluorescence of dead cells). The
pictures show inverse images. The scale bar indicates 1 mm.
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8.4.5 CLSM confirmed cell inactivation processes predominantly on the bottom
of the biofilms
The influence of a plasma treatment on the three-dimensional structure of a C. albicans
biofilm were studied by CLSM (Figure 51). The right side of the figure shows an inferior
view of the 3D-biofilm structure, which reveals highly influenced regions already after a
10 s treatment. Although the propagation of inactivated cells in the biofilm was more
pronounced in the inferior regions, an inactivation was already noticeable in more
peripheral layers of the biofilm, which became obvious in a 3D-model (Figure 51) as well
as in orthogonal views of the top layers. With increasing plasma treatment time, almost
the entire bottom of the biofilm was inactivated and clear effects were visible on the top
layers of the biofilms. Furthermore, increasing separations and holes in the biofilm could
be detected with longer treatment times.

8.4.6 AFM confirmed alterations in the cell morphology of the biofilm after
plasma treatment
With the aid of AFM, more profound insights in the cell morphological alteration of the
biofilm after plasma treatment have been obtained. Due to the method of cantilever
visualization, AFM can only visualize the morphological changes of the cells on the
surface of the biofilm. The control cells appeared vital and commonly shaped
(Figure 52A). In contrast, cells treated with plasma for 60 s appeared more spherical and
partially ruptured with distinct sites fractures. In addition, they were smaller than the
control cells (Figure 52C).
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Figure 51: Confocal-laserscanning-microscopy (CLSM) images of LIVE/DEAD stained
C. albicans biofilms after plasma treatment with the MiniMIP. Left panels show an
orthogonal view of the top biofilm layer (horizontal optical sections in the center and
vertical optical sections in the flanking pictures). Central and right panels show
3D-images with a top and a bottom view of the biofilms. For each biofilm, an area of
1272.2 µm × 1272.2 µm was visualized.
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Figure 52: Atomic-force-microscopy (AFM) images of the MiniMIP treated biofilms and
untreated controls. The left side shows the topographic image and the right side the
error-signal image of the same spot. A) Untreated control; B) 30 s plasma treatment time;
C) 60 s plasma treatment time. The images were acquired in contact mode with a
cantilever spring constant of k = 0.1 - 0.6 N/m² and a frequency of 0.4 Hz, the set point
at 8 N/m² and an area of 20 µm².
8.4.7 OES demonstrated the chemical composition of the plasma gas
OES detects molecular and atomic emission bands of electromagnetic radiation, which
provide information about the plasma composition. Unfortunately, differences in the
peak-height do not simultaneously indicate differences in the quantity of the molecules.
Nevertheless, qualitative statements could be made based on the molecule spectra.
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Molecular absorption bands for nitrogen and hydroxyl groups were obtained, as well as
spectral lines of atomic oxygen and argon in the measurements of the plasma gas.
However, additional bands in the range of 520-620 nm were visible in the effluent of the
MiniMIP compared to the kINPen09, a well-studied plasma device with regard to its
plasma gas composition (Figure 53).

8.5 Discussion
Currently, the road in NTP research and development points to an increasing importance
for application-oriented plasma sources because of their differences in design,
performance and application, depending on the respective task. The number of different
NTP sources including plasma needles (Bora, Aguilera et al. 2018; Mohammed, Abas
2018; Stoffels, Flikweert et al. 2002), plasma jets (Xu, Shen et al. 2017; Xu, Shen et al.
2015; Fricke, Koban et al. 2012), dielectric barrier discharge (DBD) (Offerhaus,
Lackmann et al. 2017; de Souza, Neto et al. 2016; Pietsch 2001) or microwave-induced
plasmas ( Baeva, Bösel et al. 2012; Jovicevic, Ivkovic et al. 2000) is constantly growing.
Each of these plasma sources has specific application areas for which they are suited best.
Plasma needles e.g. have already been used in dentistry for root canal treatments ( Goree,
Liu et al. 2006; Sladek, Stoffels et al. 2004). Radio frequency plasmajet (RFPJ) like the
kINPen09 or the new version kINPenMed have already been used for chronic wound
healing in medicine (Bekeschus, Schmidt et al. 2016; Lademann, Ulrich et al. 2013).
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Figure 53: Optical emission spectroscopy (OES) of the radio frequency plasmajet
kINPen09 and the microwave-induced plasma torch MiniMIP. A) Emission spectra of the
radiofrequency plasmajet kINPen09. B) Emission spectra of the MiniMIP. The inset
boxes represent the respective wavelength region at higher resolution. The emission
spectra represent the respective molecules. The measurement results were obtained with
LabVIEW and evaluated with Matlab.

DBD is a promising tool for the microbial decontamination of water (Baroch, Saito 2011)
and has already been applied for the treatment of surfaces (Banaschik, Lukeš et al. 2015;
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Baroch, Saito 2011; Oehmigen, Hähnel et al. 2010), e.g. textiles (Müller, Zahn et al. 2010,
Simor, Creyghton et al. 2010). In comparison, the decontamination of biofilms with cold
atmospheric pressure plasmas is an emerging field of research with a series of promising
results ( Liguori, Cochis et al. 2017; Scholtz, Pazlarova et al. 2015; Ehlbeck, Schnabel et
al. 2011; Misra, Tiwari et al. 2011; Machala, Chladekova et al. 2010).
So far, microwave induced plasmas (MIPs) are mainly used in spectroscopy for the
analysis of gas components (Broekaert, Engel 2006), for surface modifications (Jia,
Kuraseko et al. 2008) or the processing of biogas (Tippayawong, Chaiya et al. 2015). Not
much is known about microwave plasmas, which are already used in medical technology
apart from Steriplas (Adtec, Hounslow, UK). The latter technology is based on the
microwave plasma technology of the Max-Planck Institute for extra-terrestrial Physics in
Germany. During an 8-year period, chronic wounds of 379 patients were treated with this
plasma source and significant reductions in the bacterial count were detected (Isbary,
Morfill et al. 2010). Based on the RFs obtained in our experiments, the MiniMIP shown
in this study appeared as a versatile tool to combat microbial biofilms in the food and
beverages industry.
In general, a distinction has to be made between the type of treatment and the type of
plasma generation/ignition (Niemira 2012). In this work, we used a microwave driven
plasma source (type of plasma generation) and an indirect treatment of the biofilms (type
of treatment). For a comparison, the most reasonable way is to work with plasma sources
with a comparable power output and the same working gas. If two plasma sources have
to be compared in their antimicrobial effects, they should be used in a standardized assay
( Sarangapani, Patange et al. 2018; Mann, Schnabel et al. 2015). For instance, (Ehlbeck,
Brandenburg et al. 2008) showed the treatment of contaminated PET bottles with
microwave induced plasma. In this case, the type of treatment and the type of plasma
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generation were the same and they reached reduction factors of up to 7. Contrary,
comparison of the reduction factors is difficult, as the plasma used in that work had a
much higher power and was operated with compressed air instead of argon gas.
The trend for microwave plasmas in microbial decontamination tends more in the
direction of plasma treated air (PPA) or plasma treated water (PTW) which subsequently
affect the microorganisms (Schnabel, Handorf et al. 2019; Thirumdas, Kothakota et al.
2018; Schnabel, Andrasch et al. 2014). Especially in terms of industrial manufacturing,
PPA and PTW offer advantages over a conventional plasma treatment. For instance, not
all areas, which need to be treated, are easily accessible for plasma devices. In this
context, washing and flushing processes with PTW or PPA can offer a decisive advantage.
Indirect treatment of microorganisms where the effluent has been brought into a short
distance over the biofilms are published for plasma jets or DBD`s ( Handorf, Weihe et al.
2018; Khan, Lee et al. 2016; Maisch, Shimizu et al. 2012). If only the achieved reduction
factors are considered for the same treatment time regardless of the type of plasma
generation and type of application, RFs of 0.6 for the kINPen09, 2.9 for the hollow
electrode dielectric discharge (HDBD) and 2.3 for the volume dielectric discharge
(VDBD) were obtained after 1 min treatment time (Koban, Matthes et al. 2010). In
relation to these results, the MiniMIP showed the strongest inactivation with a reduction
factor of 2.92 after 1 min treatment time (Figure 49A).
In the present study, three different methods (CFU, fluorescence and XTT assay) were
used to investigate the viability of C. albicans cells organized in a biofilm, after a plasma
treatment. However, these methods do not reveal the same effects on the cells. The CFU
shows the ability of the cells to proliferate after treatment. The fluorescence assay
indicates membrane damage of the cells and the XTT assay monitors the metabolic
activity of the cells after treatment. The results of the methods cannot be directly
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compared. Not only based on the current study, the increasing importance of viable but
nonculturable (VBNC) cells becomes more and more obvious but should be discussed
more nuanced and it is essential that the results of several different methods are
considered together. Concretely, together they give a comprehensive overview, which
makes it possible to exclude a VBNC status as far as possible (Bolgova, Saprykina et al.
2017; Saprykina, Bolgova et al. 2016; Ramamurthy, Ghosh et al. 2014). The results
(Figure 48) showed, that already 20 s after treatment the cells had significant membrane
damages and their metabolic activity was strongly reduced. Their ability to proliferate
was also severely restricted.
In terms of three-dimensional effects, RFPJ treatments showed centralized spots of dead
cells while the majority of biofilm cells were not affected by plasma treatment (Handorf,
Weihe et al. 2018). This occurred mainly due to the relatively fine and centralized effluent
of plasma jets. In contrast, a very broad effect has been demonstrated in the treatment of
biofilms with the MiniMIP, which rather spreads from the marginal areas to the centre
and affected the complete biofilm already after 20 - 40 seconds (Figure 50C-E). Most
publications showed that the biofilm structures with increasing treatment times were
either inactivated on their surfaces or completely inactivated during the course of the
treatment (Delben, Zago et al. 2016; Traba and Liang 2015; Pei, Lu et al. 2012). This
could have been a result of the higher power of the plasma sources or the longer treatment
times.
It is very likely that the applied plasma treatment times of 10 – 60 s mirror the dynamic
range. In the indirect treatments, the formed reactive oxygen species (ROS) and reactive
nitrogen species (RNS) played a major role in inactivation (Xu, Shen et al. 2015; Ziuzina,
Boehm et al. 2015; Klampfl, Isbary et al. 2012). There may have been an increase in the
concentration of ROS/RNS in the liquid residues of the biofilm that have accumulated on
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the bottom of the biofilm. In combination with water, RNS such as nitrates and nitrites
are to be expected when treating with the MiniMIP. Consequently, PTW was generated
at the bottom layers of the biofilm and predominantly led to an inactivation in that area.
This was also indicated in treatments with the kINPen09 in the same experimental setup
(Handorf, Weihe et al. 2018).
The AFM images revealed differences in the cell morphology between a treatment with
the MiniMIP or the kINPen09 (Handorf, Weihe et al. 2018). It is most likely caused by
the device-dependent reaction pathways, which lead to ROS/RNS (Gilmore, Flynn et al.
2018; Yusupov, Neyts et al. 2012). However, more in-depth investigations of the
MiniMIP-plasma gas constituents have not yet been completed. The PLexc microwave
plasma comes closest to the gas physics of the MiniMIP (Pipa, Andrasch et al. 2012).
Investigations of the gas physics of this plasma source have shown that RNS is mainly
produced during the latter process (Schnabel, Handorf et al. 2019). This knowledge was
additionally supported by the temperature depended dissociation rates of the different gas
molecules (Drost 1980). Investigations have already shown that the temperature in the
plasma discharge area within the MiniMIP is above 2000 °C, where ROS were already
dissociated and mainly RNS still exist (Baeva, Bösel et al. 2012). Therefore, the OES
spectra in this paper serve as an overview of the gas molecules.

Notably, plasma treatment could overcome various limitations of conventional
antimycotic drugs. For instance, it is well known that reactive species of plasma gases are
able to overcome the barrier of the ECM and inhibit cells in the biofilm or even
completely degrade the ECM (Gilmore, Flynn et al. 2018; Modic, McLeod et al. 2017;
Delben, Zago et al. 2016). C. albicans exploits a range of resistance mechanisms to
conventional antimicrobial treatment strategies. Its resistance is primarily due to the
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activity of efflux pumps, the production of an ECM and the presence of recalcitrant
persister cells during biofilm growth (Nobile, Johnson 2015). The efflux pumps of
C. albicans comprise two major classes: the ATP-binding cassette transporter
superfamily and the major facilitator class (Cowen 2008; Anderson 2005). The ECM
represents a mechanical barrier to drugs and thus leads to higher drug resistance of
C. albicans cells embedded in biofilms (Al-Fattani, Douglas 2006; Baillie, Douglas
2000). Persister cells are a small subset of metabolically dormant yeast cells in biofilms
that are extremely resistant to antimycotics (LaFleur, Kumamoto et al. 2006).
Comparative studies between plasma treatment of C. albicans biofilms and treatment
with antimycotics or chemical disinfectants showed a stronger reduction in the CFU
during plasma treatment and indicated no correlation between plasma effects and efflux
pumps of the pathogen (Koban, Matthes et al. 2010). Furthermore, it could be shown that
pre-treatment with plasma even significantly increases the effect of antimycotics on the
pathogens (Sun, Yu et al. 2012).
The results of our work offer new promising fields of application for MIPs. The results
of the MiniMIP compared to already well investigated plasma sources showed a stronger
reduction of C. albicans biofilms in a shorter treatment time despite a larger distance of
the plasma source to the surface of the biofilm (Handorf, Weihe et al. 2018). The
MiniMIP is therefore a promising new tool in the field of plasma-based antimicrobial
decontamination of biofilms. Although the investigation of the effect of MiniMIP on
prokaryotic and eukaryotic biofilms is still in its infancy, the results shown here are highly
motivating and represent a solid basis for further investigations and applications of this
innovative plasma source.
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8.6 Conclusion
Our results show the influence of plasma treatment of C. albicans biofilms with the
microwave-induced plasma source MiniMIP for the first time. A stronger influence of the
MiniMIP on the biofilms could be shown within a shorter plasma treatment time and
greater distance compared to already commercially available and well-studied plasma
sources e.g. the RFPJ kINPen09. The composition of the plasma gases can be of decisive
importance for the different results shown in the CFU, the fluorescence- and the
XTT-assay. Furthermore, an influence mainly on the bottom side of the biofilms could be
shown with the aid of fluorescence microscopy and CLSM. Diffusion processes, water
channels and plasma flow dynamics might be crucial for this phenomenon. Based on the
highly reproducible and new findings, which are generated by the selection of the plasma
source and its settings to a certain problem, it would be a decisive step for the industrial
use of MIPs in several value chains. For instance, the removal of biofilms from an
overgrown surface is of great interest in the food industry. If the inactivation of the bottom
side of the biofilms shown in this work also led to its surface detachment, it could be a
crucial advantage for the application in the industry.
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