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Abstract: For the decontamination of surfaces in the food production industry, plasma generated
compounds (PGCs) such as plasma-treated water (PTW) or plasma processed air (PPA) offer many
promising possibilities for future applications. Therefore, the antimicrobial effect of water treated
with microwave-induced plasma (MidiPLexc) on Pseudomonas fluorescens biofilms was investigated.
10 ml deionized water was treated with the MidiPLexc plasma source for 100 s, 300 s and 900 s (pre-
treatment time) and the bacterial biofilms were exposed to the PTW for 1 min, 3 min and 5 min (post
treatment time). To investigate the influence of PTW on P. fluorescens biofilms, microbiological
assays (CFU, fluorescence and XTT assay) and imaging techniques (fluorescence microscopy,
confocal laser scanning microscopy (CLSM), and atomic force microscopy (AFM)) were used. The
CFU showed a maximum reduction of 6 logl0 by using 300 s pre-treated PTW for 5 min.
Additionally, a maximum reduction of 81 % for the viability of the cells and a 92 % reduction in the
metabolic activity of the cells was achieved by using 900 s pre-treated PTW for 5 min. The
microscopic images showed evident microbial inactivation within the biofilm even at the shortest
pre-treatment (100 s) and post-treatment (1 min) times. Moreover, reduction of the biofilm thickness
and increased cluster formation within the biofilm was detected. Morphologically, the fusion of cell
walls into a uniform dense cell mass. The findings correlated with a decrease in the pH value of the
PTW, which forms the basis for the chemically active components of PTW and its antimicrobial
effects. These results, provide valuable insights into the mechanisms of inactivation of biofilms by
plasma generated compounds (PGCs) such as PTW and thus allow for further parameter adjustment
for applications in food industry.
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1. Introduction

Investigations on the antimicrobial activity of plasma is a continually growing field of research.
Although antimicrobial effects have been demonstrated for a range of plasma sources and
treatment conditions, the majority of the underlying mechanisms remains unknown. Additionally,
the production of further plasma generated compounds (PGC) such as plasma processed air (PPA)
and plasma-treated water (PTW) embraces a conglomeration of chemical reactions in different
surroundings (water, air), which make the whole process extremely complex [1, 2]. Therefore, it is
not only important to know the composition of the plasma gas, but also the chemical interactions
with the ambient air and the treated water. PPA and PTW, which are mixtures of compounds
originating from these complex chemical pathways, possess antimicrobial effects. The effects have
been demonstrated for various products such as vegetables, fruits, meat as well as dairy products
and further processed food products [3-10]. Nonetheless, it is of crucial importance to achieve an
antimicrobial effect on pathogens without damaging the product itself [11]. Thus, challenges of
plasma treatment are comparable with demands of the treatment of medical devices, where the
pathogens must be destroyed without harming the patients or their tissues [12]. Despite these
challenging factors, especially PPA and PTW gained interest in the food industry.

Pseudomonas fluorescens, a Gram-negative, oxidase-positive, rod-shaped bacterium, is
frequently found as spoilage microbe in food industry [13, 14] and as commensal in the digestive
tract of humans [15]. At the same time, some P. fluorescens strains naturally occur as a plant-growth-
promoting rhizobacterium [16]. P. fluorescens is a common contaminant in the dairy industry, where
it releases blue non-diffusible pigments on cheese during its production [17]. Furthermore, it
frequently contaminates refrigerated products like meat or milk and fish products such as cod or
haddock [14, 18-20].

P. fluorescens forms biofilms composed of an extracellular matrix (ECM) [21]. When cells
adhere unspecifically to surfaces, cellular and physiological changes occur, which enhances ECM
formation [22, 23]. Several environmental factors, such as the osmolarity or nutrient availability,
affect the ability of P. fluorescens to attach to abiotic surfaces. However, iron has been proven to be
the most crucial factor for biofilm adhesion [24]. A wide range of genes, controlling e.g. flagella or
Clp protease synthesis, appear to be crucial for tight surface attachment [25]. Generally, a decisive
factor for a long-term survival strategy of the bacterial cells is the detachment from the mature
biofilm, subsequently followed by colonization of new regions via an undirected diffusion [26].
Besides, the access to essential compounds like oxygen, or the release of specific lyase enzymes
seem to be crucial triggers for the detachment of biofilms [27]. As a consequence, these factors lead
to a disintegration of the ECM and a release of cells into the surrounding medium.

Concerning rinsing processes in industrial applications, the dispersion of the organism into
other areas only plays a minor role. The main priority is the complete detachment of the biofilm
from the overgrown surface to remove it from the system during the flushing processes. Initial
studies have already shown a unique effect of plasma gas on the adhering surface of the biofilm [28,
29]. The present study aimed to investigate whether PTW also has such special effects on the
biofilm.
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2. Materials and Methods
2.1 Plasma source

The MidiPLexc [30] is a microwave-driven plasma source and an extension of the MiniMIP
[29, 31]. In contrast to the MiniMIP, this plasma source operates with compressed air instead of
argon gas. In addition, it is possible to treat different amounts of liquids with the microwave-
induced plasma gas. This leads to the generation of PTW, which can be used for antimicrobial
applications. The MidiPLexc was operated with compressed air as the working gas (drew point
3 °C) and a forward power of 80 W and reverse power of 20 W. To ensure a stable gas flow and
effluent, the production of the PTW was started after 30 min of running the plasma without
treatment of the target.

2.2 Production of the PTW by the MidiPLexc

A 11 glass bottle was filled with 10 ml deionized water (DW) and was integrated into the
special bottle device of the MidiPLexc for the production of the PTW [30]. 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 pre-treatment time were used. Each post-treatment
time for the biofilms was performed in threefold repetition per experimental day. Each test was
performed on four different experimental days. This yielded n=12 for each post-treatment time.
The time points were chosen based on already published work in order to represent the dynamic
range of the effects [30].

2.3 Bacterial strains and growth conditions

P. fluorescens (strain ATCC 13525) was used for biofilm cultivation. In the beginning, 1 1 Brain
Heart Infusion broth (BHI) (Carl Roth, Karlsruhe, Germany) was prepared, autoclaved and the pH
value of the solution was adjusted to pH 6. This was adapted according to the results of a previous
study [32]. Additionally, the BHI medium was pumped through a sterile filter system
(VWR (avant), Darmstadt, Germany) using a vacuum pump. A colony was removed from the
Columbia agar plate (medium for long term cultivation) with the inoculation loop, resuspended in
50 ml BHI, and incubated for 24 h at 30 °C without shaking. On the next day, 1 ml of the suspension
was diluted with BHI media and adjusted to an optical density (OD) of 0.050 at 600 nm. This
suspension was used for biofilm cultivation. Specifically, 300 pl were pipetted per well in a 96-well
plate prior to incubation for 24 h at 30 °C in the dark without shaking to ensure cell adhesion.
Afterward, the medium was removed to discard the non-adhered cells, and 300 pl of fresh medium
was added. After further incubation for 24 h at 30 °C in the dark without shaking, the PTW
treatment was started.

2.4 PTW treatment of P. fluorescens biofilms

After carefully removing the medium, the biofilm was topped with 300 ul of the PTW for the
different post-treatment times of 1 min, 3 min, and 5 min. Each post-treatment time was
investigated separately to avoid any drying effects on the biofilms. Afterward, the PTW was
removed, and the biofilm was mechanically detached from the plate surface and dissolved in 300 pl
of phosphate-buffered saline (PBS, pH 6.4, according to Sorensen) by resuspension. To ensure the
transfer of the entire biofilm, this step was repeated once again which resulted in a final suspension
volume of 600 ul of the specimen. This suspension was used for colony-forming units (CFU)
analyzes (2.5), fluorescence assay (2.6), and XTT assay (2.7). The mechanical detachment of the
biofilms was omitted for fluorescence microscopy (2.8), confocal laser scanning microscopy (CLSM)
(2.9) and atomic force microscopy (AFM) (2.10).

d0i:10.20944/preprints202004.0110.v1


https://doi.org/10.20944/preprints202004.0110.v1
https://doi.org/10.3390/app10093118

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 April 2020

4 of 16
2.5 Determination of the colony-forming units (CFU) of the biofilms after PTW treatment

To determine the colony-forming units (CFU) after PTW treatment, 100 ul were taken from the
600 pl specimen suspension (2.4) and a serial dilution was performed. This was done by diluting
the sample suspension after plasma treatment 1:10 with maximum recovery diluent (MRD; 0.85 %
NaCl, 1 % tryptone). The controls were finally diluted 1:1,000,000 and the samples 1:1,000. Each
dilution step was plated on BHI-agar by pipetting 10 pl per dilution onto the plate and spread out
by using the tilting technique. The plates were incubated at 30 °C for 24 h. The colonies of the
respective dilution levels were counted manually, and the CFU/ml were calculated as described
before [29].

The propagation of error was calculated for each treatment group. This finally resulted in 4
different error propagations for each treatment time from which the weighted error was calculated
and used as error bars in the illustration (Fig.1) [33]. The experiment was performed in four
independent experiments with three technical replicates each.

2.6  Fluorescence LIVE/DEAD assay

The LIVE/DEAD BacLight™ Bacterial Viability Kit (Thermo Scientific, Waltham, USA) was
prepared according to product instructions. Finally, 0.9 ul of the mixture was added to 300 ul of the
sample suspension followed by incubation on a rotary shaker in the dark at room temperature (20-
25 °C) 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 or 630 nm for green (G)
and red (R) fluorescence, respectively. Subsequently, a ratio G/R was calculated by dividing the
intensity value of red fluorescence from the value of green fluorescence. The ratio G/R values of the
controls and samples were expressed as a percentage in relation to each other and were graphically
displayed.

2.7 XTT assay

A colorimetric assay was used to determine the cell viability after plasma treatment (XTT Cell
Proliferation Assay Kit, Applichem, St. Louis, USA). Therefore, the XTT assay revealed the cell
viability as a function of redox potential, which arises from a trans-plasma membrane electron
transport [34]. N-methyl dibenzopyrazine methyl sulfate (PMS) was used as an intermediate
electron carrier, which serves as an activator of the intended reaction. The XTT solution was mixed
1:50 with the activator solution before being diluted 1:3 with the samples in a 96-well plate. The
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 the scanned value at a
wavelength of 670 nm of the XTT and activation solution mixture without the bacterial suspension.
The experiment was performed in four independent experiments with six technical replicates each.
The absorption values of the controls and samples were expressed as a percentage in relation to
each other and were graphically displayed.

2.8 Fluorescence microscopy

For fluorescence microscopy, transparent 96-well plates (Eppendorf, Hamburg, Germany)
were used to grow biofilms. The LIVE/DEAD BacLight Bacterial Viability Kit (containing SYTO9 to
stain all microorganisms, and propidium iodide (PI) to stain dead cells) was used according to the
manufacturer’s protocol. Widefield fluorescence images were acquired using an Operetta CLS high
content imaging device (PerkinElmer, Hamburg, Germany). For whole-well imaging, four fields of
view were stitched digitally. A 5x objective (air, NA = 0.16, Zeiss, Oberkochen, Germany) was used.

d0i:10.20944/preprints202004.0110.v1
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The dye SYTO9 was excited by a 475 nm (110 mW) LED, and the fluorescence was collected
through a 525425 nm bandpass filter. The PI was excited by a 550 nm (170 mW) LED, and the
emission light was collected through a 610+40 nm bandpass filter. The laser autofocus (785 nm)
provided exact focusing across all fields of view. For display, three stacks were merged into a
maximum intensity projection to account for topographical particularities in the z-plane
(focusx25um). For 3D images of biofilms, 30 z-planes (stacks) with 1.5 um between each plane were
measured using a 40x air objective (NA = 0.6). Three-dimensional reconstruction, image stitching,
and quantification were done using Harmony 4.8 software (PerkinElmer, Hamburg, Germany).

2.9 CLSM

The biofilms were cultivated, plasma-treated and LIVE/DEAD™ stained as described above
(2.2;2.3; 2.4; 2.8). After the staining and washing procedure, the supernatants were removed, and
the biofilms were analyzed using a Zeiss LSM 510 microscope (Carl Zeiss, Jena, Germany) equipped
with a 63x objective (water, NA =0.1) and filter and detector settings for monitoring SYTO9 and PI
fluorescence (excitation at 488 nm using an argon laser, emission light of SYTO9 selected with a
505-530 nm band pass filter, emission light of PI selected with a 650 nm long-pass filter).
Three-dimensional images were acquired using the ZEN 2009 software (Carl Zeiss, Jena, Germany)
with an area of 100 um x 100 pum and z-stack sections of 0.45 um.

2.10 Atomic-force microscopy

A portable surface for the biofilms was required for the atomic-force microscopy (AFM), since
96 well plates could not be inserted into the device. Therefore, 13 mm coverslips (Sarstedt,
Niimbrecht, Germany) were used for biofilm growth with the coverslips being added to the wells of
the 12-well plate. For better adhesion of the coverslips to the surface of the well plates and to avoid
the growth of the pathogen at the bottom of the coverslips, 50 ml Gelrite™ (Duchefa, Haarlem,
Netherlands) was autoclaved and used immediately to avoid thermal curing processes. A volume
of 1 ml liquid Gelrite™ was pipetted to each well of a 12-well plate. The coverslips were placed at
the surface of the liquid Gelrite™ and were thermally cured. The biofilms were cultivated as
described above and 1 ml of the BHI was pipetted to each well until the coverslips were topped
with the medium. After 24 h, a medium change was carried out. The medium had to be removed
and added very carefully to avoid damaging the biofilms. After a second incubation period of 24 h
at 30 °C, the medium was removed and the biofilms were treated with the PTW as described (2.4).
However, 1 ml PTW was used to enclose the coverslips entirely. Dehydration of the biofilms before
AFM analysis was avoided by using a humidity chamber. The AFM measurements were carried out
on a DI CP I SPM (Veeco, Plainview, USA), which was mounted on a vibration-free object table (TS
150, TableStable, Zwillikon, Switzerland). The setup was standing on an optical bench encased by
additional acoustic protection. The AFM was equipped with a linearized piezo scanner, on which
the coverslips were mounted on a metal sample holder with leading tabs. Image acquisition was
performed at a scanning speed of 0.4 Hz, with an area of 20 um?, and the set point being 8 N/m. The
images were edited with Gwyddion (Czech Metrology Institute, Brno, Czech Republic).
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3. Results
3.1 Impact of the PTW treatment on the proliferation ability of the cells (CFU)

The number of CFUs reflect the ability of cells to divide and multiply themselves. Thus, CFU
counting has be used to quantify the effect of PTW treatment on cell proliferation. P. fluorescens
already shows a substantial reduction of approx. 3 log10 in the proliferation ability after 1 min post
treatment with 100 s pre-treated PTW. The effect increases continuously with higher treatment
times of the biofilm (Fig.1 left). By using 300 s pre-treated PTW, an even stronger reduction of
approx. 6 logl0 was detected. Again, a slightly stronger reduction occurs with increasing post-
treatment time of the biofilm (Fig.1 center). After the treatment with 900 s pre-treated PTW, there
was no significantly stronger reduction compared to the treatment with 300 s pre-treated PTW.
Also the effects at increasing treatment times of the biofilms showed a constant reduction, if the
error values are taken into account (Fig.1 right).
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Figure 1. The grouped bar chart showed at the x-axis the water treatment time with the
Midiplexc (pre-treatment time) and the different bars showed the biofilm treatment time
with the PTW (post-treatment time). The graph showed the reduction in the CFU after
plasma treatment of the biofilms. The experiment was performed in four independent

experiments with three technical replicates each.

3.2 PTW treatment of biofilms leads to membrane damages of the cells

The LIVE/DEAD fluorescence assay identifies membrane damages of cells in the biofilm after
treatment with PTW. The percentual ratio G/R of the treated biofilms compared to the untreated
controls is shown in Fig.2. After the treatment of the biofilms with 100 s pre-treated PTW, a
considerable damage of the membrane could already be seen after 1 min treatment time. The ratio
G/R was reduced by 50 %. With an increasing treatment time of the biofilms, there was a slight
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increase in the percentage of membrane damage compared to the untreated controls (Fig.2 left). The
effect increases after the reaction of the biofilms with longer pre-treated PTW. After 1 min post-
treatment of the biofilms with 300 s pre treated PTW, the ratio G/R was already reduced by 63 %.
Once more, there were no significant changes after increasing the post-treatment time of the
biofilms with the PTW (Fig.2 center). The highest effect in membrane damage of cells was detected
after the treatment of biofilms with 900 s pre-treated PTW. Here, after 1 min post-treatment time of
the biofilms, a reduction of the ratio G/R of 79 % could be demonstrated. Also, there was a slight
increase in the effect of increasing post-treatment time of the biofilms (Fig.2 right).‘
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Figure 2. The grouped bar chart showed at the x-axis the water treatment time with the
Midiplexc (pre-treatment time) and the different bars showed the biofilm treatment time
with the PTW (post-treatment time). The graph showed the reduction in the ratio G/R after
treatment of the biofilms with the PTW. The experiment was performed in four

independent experiments with three technical replicates each.

3.3 XTT Assay revealed a reduction in the metabolic activity of the cells after PTW treatment

The XTT assay (Fig.3), which is an indicator for the metabolic activity of the cells after the
plasma treatment, showed no reduction if 100 s pre-treatment PTW was used for three different
post-treatment times. An increase in metabolic activity of up to 118 % after 1 min post-treatment
time could even be demonstrated in this setup (Fig.3 left). This effect weakened with increasing
post-treatment time. Whereas strong reductions of up to 88 % after 5 min of post-treatment time
could be demonstrated after 300 s pre-treatment (Fig.3 center). There was no significant difference
detectable between the different post-treatment times in the reduction of metabolic activity. If 900 s
pre-treated PTW was used, a reduction compared to 300 s pre-treatment could be demonstrated
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(Fig.3 right). The post treatment times of 900 s did not significantly differ from each other as well as
compared to the post-treatment times at 300 s.
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Figure 3. The grouped bar chart showed at the x-axis the water treatment time with
the Midiplexc (pre-treatment time) and the different bars showed the biofilm
treatment time with the PTW (post-treatment time). The graph showed the reduction
in the metabolic activity of the biofilm cells after treatment of the biofilms with the
PTW. The experiment was performed in four independent experiments with three

technical replicates each.

3.4 PTW treatment of the biofilms leads to inactivation of the biofilm layers from the top in the fluorescence
microscopy

Fluorescence microscopic images show the bottom biofilm layers, which grew into the abiotic
surface. The control biofilms and the biofilms treated with 100 s pre-treatment PTW show
detachment of individual areas within the biofilm. (Fig.4A-D). This happened due to treatments
with the fluorescence staining and the PTW (or PBS for the controls). After the treatment of the
biofilms with the 100 s pre-treatment PTW, there were isolated hot spots of living cells detectable
within the biofilm. However, most of the cells were already affected and appeared to be dead. With
longer pre-treated PTW, the biofilm was a homogeneous mass, where isolated height differences
were clearly visible (Fig.4B). There were no cell detachments recognizable, but a uniformly
connected matrix. This continues with increasing pre-treatment times of the PTW and the biofilms
(Fig.4F-]). The 3D images of the control biofilm showed a height of up to 40 um. There were large
cell clusters on the top of the biofilm, which appeared like cell clouds in the 3D image. The compact
cell-matrix, however, reached a height of about 25 pm (Supp. control .wmv). After 1 min of
treatment time with the 100 s pre-treated PTW, a clear change in the morphology of the biofilm
could be observed. A much more relaxed structure could be seen in comparison to the control
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Figure 4. The images show inverse footage of the biofilms. The pre-treatment time defines the time period in
which the water came into contact with the plasma gas. The post-treatment time represents the period of time
where the PTW came into contact with the biofilm. The biofilms were stained with SYTO9 (green) for living cells
and propidium iodide (red) for dead cells. A) control biofilm B) 100 s pre-treatment, 1 min post-treatment C) 100
s pre-treatment time, 3 min post-treatment time D) 100 s pre-treatment, 5 min post-treatment E) 300 s pre-
treatment, 1 min post-treatment F) 300 s pre-treatment, 3 min post-treatment G) 300 s pre-treatment, 5 min
post-treatment H) 900 s pre-treatment, 1 min post-treatment I) 900 s pre-treatment, 3 min post-treatment J) 900 s

pre-treatment, 5 min post-treatment.

biofilm as well as a reduced height of approx. 15 um (Supp. 100 s 1 min .wmv). After 1 min of
treatment time with the 900 s pre-treated PTW, the respective biofilms strongly differed from the
control biofilms and a flat, homogeneous structure of dead cells became visible. The biofilm had a
height of only 1 um and had prominent sites with gaps within its structure. The effects of the
treatment with the PTW were clearly visible (Supp. 900 s 1 min .wmv).‘

3.5 CLSM confirms the detachment of cell layers from the surface of biofilms

The control biofilms showed a fragmentary structure with a height of approx. 8 um (Fig.5A).
They were composed of several visible cell layers, dominated by living (green) cells and only a few
dead (red) cells were detectable. In contrast, 100 s/ 5 min plasma treatment showed a clear change
in the living/death ratio. Much more dead cells and partially damaged (yellow) cells were visible.
The homogenous biofilm had an approximate height of 12 um (Fig.5B). After 300 s/ 5 min a clear
change in height was noticeable. The cells appeared planar and heterogeneous (Fig.5C). The
number of partially damaged cells (yellow) increased significantly compared to the 100 s/ 5 min
treatment. After 900 s/ 5 min no living cells were detected. The surface of the biofilm was almost
completely covered by partially damaged cells. Dead cells were increasingly visible on the edges as
well as in the deeper layers. The biofilm had a planar shape and a height of approx. 5 um during
these treatment times (Fig.SD).‘
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Topographical view 3D view
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5 min post-treatment
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Figure 5. The images show P. fluorescens biofilms with and without treatment with plasma-treated water (PTW). Left
panels show a topographical view of the biofilm layer (height view of the biofilms in pm). Central and right panels show
3D-images with a top and a bottom view of the biofilms, respectively. The pre-treatment time is the treatment time of the
water by the plasma source (MidiPLexc) and the post-treatment time is the contact time of the PTW with the biofilm. For

each biofilm, an area of 100 pm =100 pm was visualized.
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3.6 Emnhanced clustering of cells and modification of physical-mechanical properties after PTW treatment
visible in AFM

At first sight, barely any significant morphological changes in the cells of the biofilm after PTW
treatment were detected (Fig.6). Nevertheless, the error images showed an increasing tendency of
the cells to form clusters with increasing treatment time (Fig.6B-D). Local hot spots of cell
accumulations occur, which increase the topographic gaps within the biofilm. In addition, the
control biofilms were much more difficult to measure than the treated biofilms. The deflection
values of the cantilever showed a stronger deflection when measuring the control biofilms,
indicating changes in the plasticity of the biofilm during the treatment. There are no obvious
morphological changes in the cells visible (Fig.6A).

Figure 6. AFM images of P. fluorescens biofilms. Left) topographical images right) error images. The
pre-treatment time defines the time period in which the water came into contact with the plasma
gas. The post-treatment time represents the period of time, where the PTW came into contact with
the biofilm. A) control biofilm B) 100 s pre-treatment, 5min post-treatment C) 300 s pre-treatment, 5

min post-treatment D) 900 s pre-treatment, 5 min post-treatment.
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4. Discussion

Application of plasma in food industry is becoming increasingly important. Due to the
promising application possibilities of PGCs, several studies are currently in progress, which can be
summarized under the collective term "Plasma for Food" [35, 36]. This term covers a broad
spectrum from pre- and post-harvest up to the treatment of food with plasma or the packaging
materials, in which the food is transported and stored as well as the treatment of different surfaces
which are important in the food production environment [37-40]. There are two particularly
important aspects to get this new innovative method into practical use in the food industry. The
first one is that the mechanisms leading to the inactivation of spoilage organisms by plasma
treatment are clarified [41-43]. On the other hand, the plasma technology has to be further upscaled
to the huge product turnovers and consumption of industrial goods like water in order to meet the
requirements of the food industry [44]. Therefore, it is important to identify the mechanisms of
PGCs on microorganisms such as P. fluorescens that cause significant problems in the food industry.

P. fluorescens is able to form biofilms on surfaces relevant in the food industry like stainless
steel, Polyethylene terephthalate (PET) or Teflon [7, 45] as well as on the food products itself [4]. It
produces fibrillary structures as a matrix for the biofilm. This matrix seems to be 2-3 times smaller
than the actual bacteria packed in unknown extracellular structures [46]. These fibrillary structures
were also macroscopically recognizable in comparison to biofilms of other species and seem to
contribute to the physical properties of the biofilm. Due to these structures, the biofilms of P.
fluorescens tend to be mechanically washed away during treatment with PTW. Because of the flow
properties of PTW, larger cell masses were washed away during pipetting on the biofilm by these
connected fibrillary structures. This, in turn, explains the large gaps in control biofilms in CLSM
and fluorescence microcopy (Fig.4A, Fig.5A). The AFM images of the control biofilms also showed
an extremely soft surface, resulting in the cantilever of the AFM hardly being able to generate
images of the control biofilms and created long stretched artifacts on the surface (Fig.6A). In
comparison, the treated biofilms could be measured much more easily, which suggests a change in
the plasticity of the cells, may be due to the loss of fluidity. Macroscopically, the treated biofilms
appeared whitish and dry, which is why they have changed their physical properties into a solid
cell layer. As a result, as soon as enough force was applied to release the biofilm, the entire biofilm
was detached as a uniform layer, whereas in control biofilms only biofilm segments were detached
and the coarse cell mass remained. This behavior of the control biofilms is naturally favored, since
the detached cell mass is transported from the site of infection to other areas, e.g. during
manifestation in a living organism like humans, in order to re-colonize the new areas [47-50]. This
happened in the same way in industrial plants. As an equivalent to the blood flow in living
organisms, the wash water in the production plant is used, which removes biofilm mass and
transports the biofilm particles to other areas of the facility, where it leads to new biofilm
colonization [51-53].

This study showed a clear effect of PTW on the P. fluorescens biofilms. While at 100 s pre-
treatment even a positive effect on the metabolism of the cells was visible, after 300 s clearly
negative effects were visible in CFU, fluorescence and XTT assay. Since RONS in low
concentrations are also needed for cell signaling, this could be an explanation for the positive effect
of the 100 s PTW [54-56]. This again illustrates how important it is to know the optimal process
window, in which biofilms have to be treated with PTW. Fluorescence microscopy also shows a
rather fluffy control biofilm where individual areas are already detached by the shear forces of the
buffer. This is an effect of the rapid growth rate of P. fluorescens biofilms, which leads to a
detachment of smaller areas of the biofilm and a rather soft biofilm surface [57]. Already after 100 s
a clear influence on the cells of the biofilm was evident. However, no clear change in the plasticity
of the biofilm caused by PTW treatment seems to be evident. After 300 s pre-treatment of the PTW,
however, the formation of a coherent layer of the biofilm was visible, which consists mainly of dead
cells on the surface of this layer. Finally, 900 s pre-treatment with 5 min post-treatment showed a
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thick coherent biofilm mass consisting of dead cells on the surface of the layer. This clearly
illustrates the influence of PTW on the physical properties of the biofilm. The AFM images also
showed the increased clustering of the cells compared to the control biofilm. These clusters or hot
spots could be understood as a resistance mechanism, in which cells wrap other biofilm cells to
protect them from external stress influences. Regarding the application of PTW in industrial
applications, the results shown in this publication are very promising, as sufficient killing on
several microbiological scales has been demonstrated, as well as new and promising mechanisms of
biofilm removal from the overgrown surface. Further experiments to investigate the nature of
plasma-treated biofilms and possible reduced resistance to fluid shear forces or reduced adhesion
to overgrown surfaces could be the decisive evidence to favor plasma treatments in the food
industry over conventional decontamination processes.

5. Conclusions

The detection of the mechanisms of action by PTW is still largely unknown. This work
provides crucial new insights and approaches into the mechanisms of decontamination,
inactivation, and killing of bacterial contamination. The effect of different treatment parameters and
the possible influence on decontamination processes in the food industry was examined. The PTW
treatment of P. fluorescens biofilms led to the extensive killing of the biofilm cells. Mechanistically,
the cells fuse into a uniform layer, which prevents the detachment of individual biofilm fragments
and thus further contamination of industrial facilities. Further experiments should focus on the
detachment processes of the dead cell mass in order to establish standardized parameters to
significantly remove biofilms by upscaling the fluid shear forces of the PTW during the flushing
processes of the facilities.
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