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Abstract
Plasma-generated compounds (PGCs) such as plasma-processed air (PPA) or plasma-treated water
(PTW) offer an increasingly important alternative for the treatment of microorganisms in hard-to-reach
areas found in several industrial applications including the food industry. To this end, we studied the
antimicrobial capacity of plasma-treated water on the vitality and bio�lm formation of Listeria
monocytogenes, a common food spoilage microorganism. Using a microwave plasma (MidiPLexc),
10 ml of deionized water was treated for 100 s, 300 s and 900 s (pretreatment time) and the bacterial
bio�lm was subsequently exposed to the PTW for 1 min, 3 min and 5 min (posttreatment time) for each
pretreatment time separately. Colony-forming units (CFU), metabolic activity, and cell vitality were reduced
for 4.7 log10, 47.9%, and 69.5%, respectively. Live/dead staining and �uorescence microscopy showed a
positive correlation between treatment and incubation times and reduction in vitality. Atomic force
microscopy indicated a change in the plasticity of the bacteria. These results suggest a promising
antimicrobial impact of plasma-treated water on Listeria monocytogenes, which may lead to more
targeted applications of plasma decontamination in the food industry in the future.

1 Background
The application of plasma-generated compounds (PGC) such as plasma‐treated water (PTW) and
plasma-processed air (PPA) is an emerging �eld of research and development (1-3). Especially the food
production industry reports frequent problems with contamination of food products or its processing
facilities. Often the entry of microorganisms occurs via the food itself. Fruits or vegetables, but also meat
and dairy products are exposed to a natural microbial load from their environment (4, 5). This problem
has become increasingly important since the tremendous variety of ready-to-eat or ready-to-cook
products in supermarkets (6). Another problem is that incorporated pathogens lead to colonization of the
production facilities and to contamination of the washing water or other processing goods. Especially the
disinfection of the washing water, with conventional methods but also with new plasma technologies, is
of increasing importance for the industry in terms of environmental sustainability and thus cost-
effectiveness (7-14).

This development shows that the trend is moving away from direct plasma treatment of products to the
use of PGCs. In addition to the advantage that water is already used in the food industry anyway and
could easily be replaced by PTW, PGCs also offer other advantages such as easy storage and
transportation compared to direct plasma treatments (15).

As early as 1966, Gray et al. (16) published the �rst comprehensive review about Listeria monocytogenes
and Listeria infections. Nowadays, the Gram-positive, rod-shaped bacterium is widely known for its food-
borne infection pathways (17). For decades, several outbreaks of food-borne listeriosis were frequently
reported in North America, Europe, and in a few Asian countries (18-20). Listeria is already introduced to
slaughterhouses and other food processing plants, and because of its psychrophilic character, it is often
found on refrigerated food products like meat, milk, and �sh (21-25). The successful colonization of
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food‐processing plants by L. monocytogenes is enabled by its ability to adhere to all common surfaces
occurring in food industry where it can form bio�lms (26). After successful adhesion, bio�lms continue to
grow and form su�cient protection mechanisms against disinfection and mechanical cleaning, which
are commonly used in the food‐processing industry (27).

Recently, a growing number of studies on the pathogenicity mechanisms of L. monocytogenes have been
published, which underlines its increasing importance in human and animal health care (28). L.
monocytogenes is a facultative intracellular bacterium that can cause central nervous system (CNS)
infections (29, 30). However, it has been shown that L. monocytogenes is ten times more effective in
invading the CNS than common pathogens such as Streptococcus pneumoniae or Group B Streptococci
(31).

Fever and gastroenteritis can be caused by L. monocytogenes (19, 32). There are a number of case
studies, in which the pathogen was found on chocolate milk cartons, corn, and cold‐smoked �sh products
(19, 33-35).

Besides CNS infection and febrile gastroenteritis, sepsis is one of the most common diseases caused by
L. monocytogenes in immunosuppressed patients (36, 37). Less frequent are diseases like endocarditis,
peritonitis, and focal infections (38). Therefore, L. monocytogenes is a highly pathogenic microorganism,
and new e�cient antimicrobial methods are urgently needed in the food industry to combat its impact as
a food‐borne pathogen.

2 Methods
2.1 Plasma source

The MidiPLexc (Fig. 1)(39) is a microwave-driven plasma source and an extension of the MiniMIP (40). In
contrast to the MiniMIP, this plasma source can be operated with compressed air instead of argon gas,
which leads to lower operation costs. In addition, it is possible to treat different amounts of liquids with
the microwave-induced plasma gas, because of its integrated bottle adapter (39) (41). The MidiPLexc
was operated with compressed air as working gas and a forward power of 80 W and a reverse power of
20 W. After 30 min running time to ensure a stable gas �ow and e�uent, the generation of plasma-treated
water (PTW) was started.

2.2 Generation of the PTW by the MidiPLexc

A 1 l glass bottle was �lled with 10 ml of deionized water (DW) and integrated into the bottle adapter of
the MidiPLexc for the production of the PTW. In our experiments, we used the terms pre- and post-
treatment times. The pre-treatment de�nes the contact time of the DW with the plasma gas and the post-
treatment is equivalent to the contact time of the PTW with the bio�lm. For the biological investigations,
three different pre-treatment times (100 s, 300 s, 900 s) and three different post-treatment times (1 min,
3 min, 5 min) for each pretreatment time were used. Each post-treatment time for the bio�lms was
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performed in triplicates per experimental day. Each test was performed in four biological replicates. This
yielded in n = 12 for each post-treatment time.

2.3 Bacterial strain and growth conditions

L. monocytogenes, (ATCC 15313) was used for cultivation because of its wellknown ability to form
bio�lms (42, 43). In the beginning, 1 l Brain Heart Infusion (BHI) broth (Roth, Karlsruhe, Germany) was
prepared, autoclaved, and its pH value was adjusted to pH 6 by adding 10 M hydrochloric acid (HCl). This
was adapted according to the results of a previous study (44). Additionally, the BHI medium was pumped
through a 0.2 µm polyether sulfone (PES) �lter system (VWR, Darmstadt, Germany) using a vacuum
pump and was sterile �ltrated. A colony was removed from an inoculated agar plate using a 10 µl
inoculation loop, subsequently suspended in 50 ml BHI medium, and incubated for 24 h at 30 °C without
shaking. On the next day, 1 ml of the suspension was diluted with BHI broth and adjusted to an optical
density (OD) at 600 nm of 0.100 by using 10 mm diameter polystyrene cuvettes in a UV-3100PC
Spectrophotometer (VWR, Darmstadt, Germany). This suspension was used for bio�lm cultivation by
pipetting 300 µl per well in a 96-well plate and incubated again for 24 h at 30 °C without shaking to
ensure cell adhesion. Afterward, the medium was removed to discard the non-adhered cells, and 300 µl of
fresh medium was added. After another 24 h of incubation at 30 °C in the dark without shaking, the PTW
treatment was realized.

2.4 PTW treatment of L. monocytogenes bio�lms

After careful removal of the medium, 300 µl PTW produced by the MidiPLexc for the different post-
treatment times were added to the bio�lms. Only one post-treatment time was performed at the same
time to avoid any drying effects on the bio�lms. Afterward, the PTW was removed, and the bio�lm was
mechanically detached from the surface, before being dissolved in 300 µl PBS (pH 7.2; according to
Sörensen). To ensure the transfer of the entire bio�lm, this step was repeated two times in total, which
resulted in a �nal suspension volume of 600 µl. This suspension was used for Colony-forming units
(CFU) assay (2.5), �uorescence assay (2.6), as well as XTT assay (2.7). The mechanical detachment of
the bio�lms was omitted for �uorescence microscopy (2.8), confocal laser scanningmicroscopy (CLSM)
(0) and atomic force microscopy (AFM) (2.10).

2.5 Determination of the remaining CFU after PTW treatment

To determine the CFU after PTW treatment of the bio�lm, 100 µl were taken from the 600 µl suspension
(2.4), and a serial dilution was performed. This was done by diluting the specimen in a ratio of 1:10 with
maximum recovery diluent (MRD; 0.85% NaCl, 1% tryptone). The controls were �nally diluted 1:1,000,000
and the samples 1:1,000. Each dilution step was plated on BHI agar by pipetting 10 µl per dilution onto
the plate and spread out by using the tilting technique. The plates were incubated for 24 h at 30 °C,
without shaking. The colonies for the respective dilution levels were counted manually, and the CFU/ml
values were calculated by using the formula: , 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
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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). The calculation is explained in more detail in (45).

The propagation of error was calculated for each treatment group. This �nally resulted in 4 different error
propagations for each treatment time, from which the weighted error was calculated and used as error
bars in the illustration (Fig. 2) (46). The experiments were repeated fourfold with n = 3, which �nally
resulted in n = 12.

2.6 Fluorescence LIVE/DEAD assay

The LIVE/DEAD BacLight Bacterial Kit (Thermo Scienti�c, Waltham, USA) was prepared according to
product instructions. Finally, 0.9 µl of the mixture were added to 300 µl of the specimen, followed by
incubation on a rotary shaker at 30 rpm in the dark at room temperature for 20 min. A �uorescence
microplate-reader (Varioskan-Flash®, Thermo Scienti�c, Waltham, USA) was used to determine the
�uorescence of each well of the 96-well plate with an excitation wavelength of 470 nm and an emission
wavelength of 530 nm or 630 nm for green (G) and red (R) �uorescence. Conclusively, a ratio G/R was
calculated by dividing the intensity value of red �uorescence by the value of green �uorescence. The ratio
G/R values of the controls and samples were expressed as a percentage in relation to each other and
were graphically displayed using Origin 2019b software (OriginLab, Northhampton, USA). The
experiments were repeated fourfold with n = 3, which �nally resulted in n = 12.

2.7 XTT assay

A colorimetric assay was used to determine the cell vitality after plasma treatment (XTT Cell Proliferation
Assay Kit, Applichem, St. Louis, USA). Therefore, the XTT assay revealed the cell vitality as a function of
redox potential, which arises from a trans-plasma membrane electron transport (47). N-methyl
dibenzopyrazine methylsulfate (PMS) was used as an intermediate electron carrier, which serves as an
activator of the intended reaction. The XTT solution were mixed 1:50 with the activator solution and
pipetted 1:3 to the samples, afterward. The 96well plate was incubated at 37 °C with continuous
horizontal shaking (80 rpm) in the dark for 20–24 h. After the incubation time, the 96-well plate was
scanned at a wavelength of 470 nm using the Varioskan-Flash® device. The obtained values were blank-
corrected using XTT and the activation solution mix without bacterial suspension and scanned at a
wavelength of 670 nm. The experiments were repeated fourfold with n = 3, which �nally resulted in n = 12.
The absorption values of the controls and samples were expressed as a percentage in relation to each
other and were graphically displayed using Origin 2019b software.

2.8 Fluorescence microscopy

For �uorescence microscopy, transparent 96-well plates (Eppendorf, Hamburg, Germany) were used to
grow bio�lms. The LIVE/DEAD BacLight Kit (containing SYTO9 to stain all microorganisms, and
propidium iodide (PI) to stain dead cells) was used according to the manufacturer’s protocol. Wide�eld
�uorescence images were acquired using an Operetta CLS high content imaging device (PerkinElmer,
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Hamburg, Germany). For wholewell imaging, four �elds of view were stitched digitally. A 5x objective (air,
NA = 0.16, Zeiss, Oberkochen, Germany) was used. SYTO9 was excited by a 475 nm (110 mW) LED, and
the �uorescence was collected with a 525 ± 25 nm bandpass �lter. PI was excited by a 550 nm (170 mW)
LED, and the emission light was collected with a 610 ± 40 nm bandpass �lter. Laser autofocus (785 nm)
provided exact focusing across all �elds of view. For display, three stacks were merged into a maximum
intensity projection to account for topographical particularities in the z-plane (focus ± 25 µm). For 3D
images of bio�lms, 30 z-planes (stacks) with 1.5 µm between each plane were measured using a 40x air
objective (NA = 0.6). Three-dimensional reconstruction, image stitching, and quanti�cation were done
using Harmony 4.8 software (PerkinElmer, Hamburg, Germany).

2.9 CLSM

Bio�lms were cultivated, plasma-treated, and LIVE/DEAD™ stained as described above (2.8). After the
staining, the supernatants were removed and the bio�lms were analyzed using a Zeiss LSM 510
microscope (Carl Zeiss, Jena, Germany) equipped with a 63 × objective (water, NA = 0.1). Filter and
detector settings for monitoring SYTO9 and PI �uorescence (excitation at 488 nm using an argon laser,
emission light of SYTO9 selected with a 505–530 nm band pass �lter, emission light of PI selected with a
650 nm long pass �lter). Three-dimensional images were acquired using the ZEN 2009 software (Carl
Zeiss, Jena, Germany) with an area of 100 µm × 100 µm and z-stack sections of 5 µm.

2.10 Atomic-force microscopy

Since the AFM can only measure smaller samples in the measurement holder, an alternative to the 96-
well plates had to be found. For this purpose, the bio�lms for AFM measurements were grown on sterile
polyethylene terephthalate, glycol-modi�ed (PET-G) cover slips (13 mm, Sarstedt, Nümbrecht, Germany).
For better adhesion of the coverslips to the bottom of the well plates and to avoid growth of the bacteria
at the reverse side of the coverslips, 50 ml Gelrite (Duchefa, Haarlem, Netherlands) was autoclaved and
directly used after the autoclaving process due to a rapid thermal curing process. A volume of 1 ml liquid
Gelrite were pipetted to each well of a 12-well plate. The coverslips were placed at the surface of the
liquid Gelrite and were thermally cured. The bio�lms were cultivated as described above and 1 ml of BHI
broth was pipetted to each well until the coverslips were topped with the medium. 12-well plates were
incubated at 30 °C for 24 h without shaking. After the incubation time, the consumed BHI broth was
removed to take non-adhered cells away. Subsequently, 1 ml fresh BHI broth was added to the wells,
followed by an additional incubation at 30 °C for 24 h. The next day, the cultivation medium was removed
and the coverslips with bio�lms were treated for 5 min with the different PTWs of 100 s, 300 s and 900 s
pre-treatment time. Dehydration of the coverslips 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 (TS150, TableStable, Zwillikon, Switzerland). The setup was
standing on an optical bench encased by an additional acoustic protection. The AFM was equipped with
a linearized piezo scanner, on which the coverslips were mounted on a metal sample holder with leading
tabs. The samples were measured using cantilevers (PLANO GmbH, Wetzlar, Germany) with nominal
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spring constants of k = 0.1–0.6 N/m in contact mode. The pictures were taken by a scanning speed of
0.4 Hz by a picture size of 20 µm2 and a set point = 8 N/m. Pictures were edited with Gwyddion (Czech
Metrology Institute, Brno, Czech Republic).

3 Results

3.1      Optimal treatment window of pre-treatment and post-
treatment times concerning the reduced proliferation of
bio�lm cells.
The cell proliferation assay showed a reduction of 1.95×108 cells (RF of 1.71) already after 100 s pre-
treatment time. This is on the rise with increasing post-treatment times (RF of 2.66 after 5 min). With a
longer pre-treatment time, even a stronger reduction of 2.66×108 cells could be observed, which
corresponds to an RF of 3.84 (300 s, 3 min) and 2.94×107, which corresponds to an RF of 3.73 (900 s, 3
min) (Fig. 2). With a pre-treatment time of 300 s and longer, the highest reductions were achieved with a
post-treatment time of 3 min and slightly lower reductions were achieved with longer post-treatment
times (5 min) (Fig. 2). In terms of total cell counts, the strongest in�uence on cell proliferation was
measured after 300 s, 3 min PTW treatment. In total, a maximum reduction of L. monocytogenes bio�lm
cells from 2.67×108 to 4.68×108 was achieved.

3.2      PTW treatment leads to a strong reduction in the
vitality of bio�lm cells
The results of the vitality assay at a pre-treatment time of 100 s showed that a signi�cant reduction of
vitality of up to 25.9 % could only be achieved after 5 min post-treatment time (Fig. 3). With a pre-
treatment time of 300 s, a reduction of up to 45.8 % could be achieved after 1 min post-treatment time.
This increased progressively to 58.1 % (300 s, 3 min), and 64.5 % (300 s, 5 min) (Fig. 3, center). The
increasing reduction could also be measured at 900 s pre‐treatment time. In this case, the strongest
measured reduction in vitality of up to 69.5 % occurs after 5 min post-treatment time (Fig. 3, right).

3.3      The reduction of the metabolism of bio�lm cells was
only detectable after long pre‐treatment and post-treatment
times
By measuring the reduction of the metabolic activity of the bio�lm cells after PTW treatment, no
signi�cant change could be observed at 100 s pre-treatment time despite the length of the post-treatment
time (Fig. 4, left). If PTW was used, which was treated with the MidiPLexc for 300 s, only very low
reductions with a maximum of 9.1 % (300 s, 5 min) could be detected in the various post-treatment times
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(Fig. 4, center). At 900 s pre-treatment time, comparable reductions of 11.4 % (900 s, 3 min) could be
detected. However, a signi�cantly higher reduction of 47.95 % could be demonstrated at 900 s pre-
treatment and 5 min post‐treatment time, where the dynamic effect of the metabolism of the cells begins
(Fig. 4, right).

3.4      The antimicrobial characteristics of substances
frequently used in the food industry are partially pH value
speci�c
The treatment of DW for 900 s led to a pH value of the solution of 1.27. To investigate whether the
antimicrobial effect of PTW compared to 0.3 % (3 g/l) chlorine dioxide (ClO2) was based on the different
pH values of these solutions, the antimicrobial effect of the substances in their original pH value was
compared with the antimicrobial effect of the pH value adapted to the pH of the PTW with respect to CFU
(Fig. 5), �uorescence (Fig. 6) and XTT assay (Fig. 7). The CFU count showed a strong pH dependence for
ClO2 and a slight dependence for 10 M HCl (Fig. 5). These effects were con�rmed in the �uorescence
assay. Here, a strong pH dependence could also be observed for ClO2 (Fig. 6). However, a strong
dependence for 10 M HCl also becomes apparent in this case. Interestingly, the effect on cell metabolism
for all substances is extremely pH dependent. In this case, a clear effect could also be observed with 70 %
alcohol (Fig. 7). ClO2 in its used concentration, which is a very high concentration for sanitizing the wash
water of food products, has a pH value of 4.288, which means that the pH value was lowered by 3.017 in
the experiment. This showed that ClO2 only unfolds its antimicrobial effect in very low pH ranges.
Nevertheless, the antimicrobial effect of ClO2 could exceed that of PTW only in the XTT assay even at low
pH ranges (Fig. 7). Here a reduction of the metabolism of 89 % was achieved compared to 33 % for PTW.
With 10 M HCl, the effect was antagonistic. Here the pH value of the 10 M HCl, which was -1.609 in the
used concentration, was increased by a pH value of 2.88. This has only a slightly weaker effect on the
proliferation of the cells with 10 M HCl, but a very strongly weakened effect on the vitality and
metabolism of the cells.

3.5      Fluorescence microscopy revealed inactivation
kinetics from the top to the bottom of the bio�lm
All �uorescence microscopic images are inverse footages of the bio�lms. The cells of the untreated
bio�lm showed only vital (green �uorescence) cells (Fig. 8A). The 3D images of the same footage
con�rmed this and showed a very dense bio�lm with mushroom-shaped ridges within the bio�lm
extending to a height of about 60 µm whereas the average bio�lm was limited to a thickness of about 20
µm. This area is characterized by a strong staining, which resulted in a very dense structure compared to
the mushroom-shaped areas. (Suppl. Fig 1). The treated bio�lms showed progressively more inactivated
cells with increasing treatment time up to 900 s treatment time (Figs. 8B-J). The 3D image of the 900 s



Page 9/31

pre-treated bio�lm showed a nearly completely dead bio�lm (Suppl. Fig. 2). Only a few very small
hotspots of living cells were visible in the bio�lm. The dynamics comparing the different treatment times
showed that the inactivation started in the center and expanded to the outside (Figs. 8B-E).

3.6      CLSM showed a partial inactivation of bio�lms
predominantly in the central area
The control bio�lms showed continuous living cells and a relaxed structure (Fig. 9, topographical view).
After 100 s pre-, 5 min post-treatment there was no change in the live/dead staining of the bio�lm cells.
Only living cells were visible in the bio�lm, but they appeared much denser compared to the control
bio�lm (Fig. 9, see 100 s pre‐, 5 min post‐treatment). After 300 s pre-, 5 min post-treatment time no
changes in the thickness of the bio�lms compared to the control bio�lm could be detected. The bio�lms
were about 10 µm thick as well as the control bio�lms. However, mainly cells in the central area of the
bio�lm were stained yellow, which indicates inactivation of the cells but no death (Fig. 9, see 300 s pre-, 5
min post-treatment). After 900 s pre- 5 min post-treatment, there was no change in the staining of the
cells compared to the 300 s treatment. However, there was a signi�cant removal of bio�lm mass of about
6 µm, resulting in a bio�lm thickness of 4 µm (Fig. 9, see 900 s pre‐, 5 min post‐treatment). The bio�lm
matrix appeared absolutely �at with a homogenous structure.

3.7      AFM images showed alterations in the plasticity of
the bio�lm surface
The AFM images of the control bio�lms showed long blurred lines of the bio�lm surface, which allowed
conclusions about the softness of the surface (Fig. 10A). In contrast, the treated bio�lms could be
displayed very well de�ned and structured (Fig. 10B). Concerning the cell morphology, there was hardly
any change visible after treatment. However, comparison cells of bio�lms that came into contact with
100 s pre-treated PTW to 300 s and 900 s pre-treated PTW, appeared signi�cantly larger and somehow
swollen (Figs. 10B-D).

4 Discussion
monocytogenes is feared as a dangerous pathogen in food-production industry. Interestingly, L.
monocytogenes contaminations, especially of meat and dairy products, ranked only 8th among the most
common disease outbreaks in the USA, following pathogens such as Salmonella, Clostridium perfringens,
Campylobacter, Escherichia coli, Bacillus cereus, Staphylococcus aureus and Vibrio parahaemolyticus
(48). However, the extent of Listeria infections is devastating. Statistics showed that every infection with
L. monocytogenes lead to hospitalization (48, 49). If immunocompromised patients were affected, L.
monocytogenes infections were often lethal. Today´s society, where the incidence of food-borne diseases
are no longer as high as it was the case a few decades ago, there is an increasing focus on serious
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infections caused by food contaminants that do not occur regularly. Conventional methods of food
decontamination for fresh food include peracitic acid, lactic acid, chlorination and treatment with diluted
chlorine dioxide or ozone. Chlorination of food is already banned in most European Union (EU) countries
due to human health hazards, but is still used in The United States or Brazil (50-53). The use of diluted
chlorine dioxide is permitted in the EU under well-de�ned regulations in the industry. Due to the risk of
infection from fresh food, new innovative methods are increasingly being researched, which are more
e�cient and less problematic than previous methods, but at the same time simple and cost-effective in
its use and do not cause signi�cant alterations to the product itself (54). Since the e�ciency of the
washing and sanitation processes are directly related to the microbiological quality of the end-product,
companies are interested in the continuous optimization of these processes (55, 56). Investigations
showed that plasma or PGCs do not cause any changes in the texture and color of the food and still
cause a signi�cant reduction in the bacterial contamination (57-59). Due to the fact that many plasma
sources nowadays can be operated with ambient air and tap water as a treatment source for food, the
process is cost e�cient and ecological. The MidiPLexc used in this work ful�lls these requirements for a
plasma source and could be used for industrial purposes by upscaling.

Nevertheless, the detailed mechanisms of the PGC effects remain unclear, but recent studies revealed a
coherence of the antimicrobial potential with the concentration of reactive oxygen (ROS) and nitrogen
(RNS) species (39, 41).

In the presented study, the microwave-induced MidiPLexc plasma source provides a temperature regime
that favors the production of RNS such as nitrate (NO3

-), nitrite (NO2
-), and nitrogen monoxide (NO).

Beside these dominating compounds, peroxynitrite (ONOO-) and hydrogen peroxide (H2O2) has been
generated in various quantities and may be considered as intermediates for more stable RNS or ROS,
respectively (39).

Generally, acidi�cation of the PTW adds to its antimicrobial effect (60), by contributing to chemical redox
reactions within the PTW (61). For instance, the reaction of ONOO- to the peroxonitric acid (HNO4) seems
to be a pivotal factor. This is, followed by the reactions of nitrous acid (HNO2) and nitric acid (HNO3),

which derive from NO2
- and NO3

-, respectively, and seem to be responsible for the antimicrobial effect of
PTW.

An in�uence of the temperature can be excluded (39). Even direct bio�lm treatments with the MiniMIP, the
previous version of the MidiPLexc, revealed no temperature in�uences on the antimicrobial behavior
against bio�lms (45). Additionally, the temperature increases by approx. 3.5 °C only during the production
of PTW with the MidiPLexc (39). Consequently, the antimicrobial effect of a PTW solution is achieved by
the reactive oxygen/nitrogen species (RONS).

The investigation of the effects of PTW in the �eld of decontamination of food and surfaces in food
production is still in its infants. While there have been numerous studies investigating the effects of
plasma gas on food products (1, 62-65), surfaces (66-68) and packaging (69, 70), less has been reported
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about the treatment with PTW (59, 71-73). The treatment of L. monocytogenes monospecies and
multispecies bio�lms with Pseudomonas �uorescens on lettuce with plasma gas resulted in reductions to
undetectable levels after 60 s treatment time for the monospecies bio�lms and a reduction of 2.2 log10

steps for L. monocytogenes in a multispecies bio�lm with P. �uorescens (74). It has been shown that
multispecies bio�lms of L. monocytogenes showed a higher resistance against plasma gas than
monospecies bio�lms. In our work, we demonstrated that L. monocytogenes bio�lms have a much higher
resistance against PGCs than other bacteria like P. �uorescens (41).

In the �eld of antimicrobial research of plasma and PGCs, the effect of these substances on the
extracellular polymeric substances (EPS) of bio�lms becoming increasingly important. However, the
effect of PTW on different EPS is still not fully understood. Thus, a comparison with other studies is very
di�cult, since in addition to the plasma source and application method (PPA or PTW), the pathogen
strain (75), growth time and treatment time also play an important role. In addition, the growth
temperature (74) and the overgrown material or food product (76) also have a decisive in�uence. A
previous conducted and comparable study to this work showed the effect of PTW on P. �uorescens
monospecies bio�lms. It demonstrated a reduction of 6 log10 steps compared to a control bio�lm with a
CFU of 10 log10. Mechanistically, a clear removal of the bio�lm material by the PTW treatment could be
proven as well as cell death within that work (41). In the present study, a reduction of about 5 log10 steps
compared to a control bio�lm of 8 log10 was detectable. The important difference compared with the
previous study, however, lies in the vitality and metabolism results and in the microscopic analysis. For
the L. monocytogenes bio�lms, a removal of the bio�lm material could also be proven, but a signi�cantly
lower effect in the LIVE/DEAD assay in combination with the 3D image of the CLSM (suppl. Material). On
the one hand, this again showed the compelling evidence of further investigations concerning the effects
of PTW besides the CFU assay and, on the other hand, it rather indicates an inactivation of the cells more
than cell death.

The effect of plasma on the extracellular matrix can be decisive. Various studies have already
demonstrated the effect of plasma on the EPS of bio�lms (77-80). Studies have shown that different
species can produce various amounts of EPS (32, 81). Furthermore, the composition of the different EPS
of the pathogens could also play an important role. P. �uorescens generates EPS matrix, which is rich in
proteins and carbohydrates. The dominant components are proteins, which may explain the mucous
nature of the bio�lms in combination with polysaccharides (32, 82, 83). L. monocytogenes, strain ATCC
15313 forms a thick and compact matrix, which seems to contain much less EPS, which mainly covers
the overgrown surface. The EPS of L. monocytogenes consists of mainly polysaccharides and teichoic
acids (84). This results in differences in the physical composition of the bio�lm and its properties and
therefore, could explain their higher resistance to plasma treatment shown in this work.

This raises the question about the effect of EPS on plasma treatments. It is well established that EPS has
a protective effect for the bio�lm during plasma treatment with plasma gas or direct contact with the
plasma e�uent. However, the results of this work in combination with our previous work showed a rather
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antagonistic effect (41). This could be due to the high water binding capacity of the bio�lm (85-87).
Macroscopically, when treating the bio�lms with PTW, it is easy to see that the PTW is partly completely
absorbed by the bio�lm. This absorption leads to a certain dilution effect of the concentrated
components of the PTW, but also to a longer contact time with the cells of the bio�lm beyond the actual
post-treatment time. With the high concentrations of nitrite and nitrate, as used after the pre-treatment
times applied for L. monocytogenes bio�lm treatment, the dilution effects of the EPS play a rather minor
role (39). With regard to the application, a further concentration of the water contained in the EPS by
subsequent plasma gas treatment could have a far-reaching synergistic effect. This effect has already
been demonstrated in previous work and will most likely be further enhanced by the enrichment of the
PTW components in the bio�lm matrix (15).

Summarizing, this work shows the complexity of the problem of microbiological contamination in the
food production industry. Different pathogens and applications require different experimental setups.
Therefore, the choice of plasma source, settings and treatment times must always be adapted to the
fundamental problem in the industry. The pre-treatment time of the PTW seems to be more decisive for
the antimicrobial effect than the post-treatment time on the L. monocytogenes bio�lm. Thus, this work
forms a basis to establish a universal application plan for the requirements in the food industry to be able
to meet their demands in the future.

Conclusion
This work vividly demonstrates the complexity of the effect of PGCs on L. monocytogenes bio�lms. The
complex implementation of microbiological methods and their interpretation as a sophisticated system
clearly showed that these investigations can only be evaluated as an all-embracing system. While single
results like the CFU showed considerable reductions, the microscopic images show rather minor
membrane damages of the cells. In comparison to already published studies, this work shows that a
decisive factor in the antimicrobial effect of PTW is the cell membrane structure of the bacteria and that
Gram-positive pathogens such as L. monocytogenes seems to be much more resistant to PTW treatment
than Gram‐negative pathogens like P. �uorescens. This is of crucial importance for industrial
applications.

5 Abbreviations
AFM atomic force microscopy

BHI Brain Heart Infusion

CFU colony forming units

ClO2 chlorine dioxide

CLSM confocal laser scanning microscopy



Page 13/31

CNS central nervous system

DW deionized water

EPS extracellular polymeric substances

EU European Union

HCl hydrochloric acid

MRD maximum recovery diluent

NO nitrogen monoxide

NO2
- nitrite

NO3
- nitrate

OD optical density

PET-G polyethylene terephthalate, glycol - modi�ed

PES polyether sulfone

PGC plasma-generated compound

PI Propidium Iodide

PMS N-methyl dibenzopyrazine methylsulfate

PPA plasma-processed air

PTW plasma-treated water

RF reduction factor

RNS reactive nitrogen species

ROS reactive oxygen species
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Figure 1

schematic illustration of the MidiPLexc Schematic illustration of the MidiPLexc with 1 l glas bottle
attached to the bottle adapter of the plasma source modi�ed according to (39).
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Figure 2

Colony-forming units of Listeria monocytogenes bio�lms after PTW treatment The graph show the
reduction in the colony-forming units (CFUs) after plasma treatment of the bio�lms. The grouped bar
chart show at the x-axis the water treatment time with the Midiplexc (pretreatment time) and the bars
show the bio�lm treatment time with the plasma-treated water (post treatment time). The experiment was
performed in four independent experiments with three technical replicates each.
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Figure 3

Live/Dead assay of Listeria monocytogenes bio�lms after PTW treatment The graph show the reduction
in the ratio G/R after treatment of the bio�lms with the plasma-treated water. The grouped bar chart show
at the x-axis the water treatment time with the Midiplexc (pretreatment time) and the bars show the
bio�lm treatment time with the plasma-treated water (post-treatment time). The experiment was
performed in four independent experiments with three technical replicates each.
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Figure 4

XTT assay of Listeria monocytogenes bio�lms after PTW treatment The graph show the reduction in the
metabolic activity after treatment of the bio�lms with the plasma-treated water. The grouped bar chart
show at the x-axis the water treatment time with the Midiplexc (pretreatment time) and the bars show the
bio�lm treatment time with the plasma-treated water (post-treatment time). The experiment was
performed in four independent experiments with three technical replicates each.
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Figure 5

Colony-forming units of Listeria monocytogenes bio�lms after treatment with different chemicals The
graph show the reduction in the colony-forming units of Listeria monocytogenes bio�lms after treatment
with different chemicals often used in the food-production industry. The effects of plasma-treated water
(PTW), chlorine dioxide (ClO2), 70 % alcohol and fuming hydrochloric acid were compared. The black
bars show the effect of each substance at its own pH value and the striped bars show the effect of the
substances when their pH value is adjusted to that of the PTW.
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Figure 6

Live/Dead assay of Listeria monocytogenes bio�lms after treatment with different chemicals The graph
show the reduction in the Ratio G/R of Listeria monocytogenes bio�lms after treatment with different
chemicals often used in the food-production industry. The effects of plasma-treated water (PTW),
chlorine dioxide (ClO2), 70 % alcohol and fuming hydrochloric acid were compared. The black bars show
the effect of each substance at its own pH value and the striped bars show the effect of the substances
when their pH value is adjusted to that of the PTW.
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Figure 7

XTT assay of Listeria monocytogenes bio�lms after treatment with different chemicals The graph show
the reduction in the metabolic activity of Listeria monocytogenes bio�lms after treatment with different
chemicals often used in the food-production industry. The effects of plasma-treated water (PTW),
chlorine dioxide (ClO2), 70 % alcohol and fuming hydrochloric acid were compared. The black bars show
the effect of each substance at its own pH value and the striped bars show the effect of the substances
when their pH value is adjusted to that of the PTW.



Page 28/31

Figure 8

Fluorescence microscopy of Listeria monocytogenes bio�lms after PTW treatment The images show
inverse footage of the bio�lms. The pretreatment time de�nes the time period in which the water came
into contact with the plasma gas. The post-treatment time represents the period of time where the PTW
came into contact with the bio�lm. The bio�lms are stained with SYTO9 (green) for living cells and
propidium iodide (red) for dead cells. A) Control bio�lm B) 100 s pretreatment, 1 min post treatment C)
100 s pretreatment time, 3 min post-treatment time D) 100 s pretreatment, 5 min post treatment E) 300 s
pretreatment, 1 min post treatment F) 300 s pretreatment, 3 min post treatment G) 300 s pretreatment, 5
min post treatment H) 900 s pretreatment, 1 min post treatment I) 900 s pretreatment, 3 min post
treatment J) 900 s pretreatment, 5 min post treatment.
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Figure 9

Confocal laser scanning microscopy (CLSM) of Listeria monocytogenes bio�lms after PTW treatment
The images show Listeria monocytogenes bio�lms with and without treatment with plasma treated water
(PTW). Left panels show a topographical view of the bio�lm layer (height view of the bio�lms in µm).
Central and right panels show 3D images with a top and a bottom view of the bio�lms, respectively. The
pretreatment time is the treatment time of the water by the plasma source (MidiPLexc) and the post-
treatment time is the contact time of the PTW with the bio�lm. For each bio�lm, an area of 100 × 100 µm
is visualized.
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Figure 10

Atomic-force microscopy (AFM) of Listeria monocytogenes bio�lms after PTW treatment Atomic force
microscopy (AFM) images of Listeria monocytogenes bio�lms. Left) topographical images right) error
images. The pretreatment time de�nes the time period in which the water came into contact with the
plasma gas. The post-treatment time represents the period of time, where the PTW came into contact
with the bio�lm. A) Control bio�lm B) 100 s pretreatment, 5 min post treatment C) 300 s pretreatment, 5
min post treatment D) 900 s pretreatment, 5 min post treatment.
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