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Abstract: Methods, which use an indirect plasma treatment for the inactivation of microorganisms
in foods, claim a vastly growing field of research. This paper presents a method that uses plasma-
processed air (PPA) as a sanitizer. In addition to a sanitation concept for the decontamination of
produce in the value chain, the presented method offers a possible application as an “in-process”
surface sanitation. PPA provides antimicrobial-potent species, which are predominantly reactive
nitrogen species (RNS); this has an outstanding groove penetration property. In an experimental
approach, surfaces, made from materials, which are frequently used for the construction of food-
processing plants, were inoculated with different microorganisms. Listeria monocytogenes (ATCC
15313), Staphylococcus aureus (ATCC 6538), Escherichia coli (ATCC 10538), Salmonella enterica subsp.
enterica serovar Typhimurium (ATCC 43971), and Salmonella enterica subsp. enterica serovar Enteritidis
(ATCC 13076) are all microorganisms that frequently appear in foods and possess the risk for cross-
contamination from the plant to the produce or vice versa. The contaminated samples were treated
for various treatment times (1–5 min) with PPA of different antimicrobial potencies. Subsequently, the
microbial load on the specimens was determined and compared with the load of untreated samples.
As a result, reduction factors (RF) up to several log10-steps were obtained. Although surface and the
bacterial strain showed an influence on the RF, the major influence was seen by a prolongation of the
treatment time and an increase in the potency of the PPA.

Keywords: food pathogens; food spoilage; microbiological inactivation; quasi-thermal plasma;
plasma-processed air; polymers; reactive nitrogen species; reactive oxygen species; surface materials;
surface topography

1. Introduction

Hygiene is a significant element in the food production chain, i.e., the outcoming
produce has to be within microbial specifications given by a national or international
legislator [1,2]. Behind that background, poor hygienic production environments and
inadequate sanitation will result in healthcare-associated infections and foodborne diseases,
as well as high production losses of food [3,4]. Specifically, foods, such as fish, seafood, or
fresh-cut salad, embrace a group of produce, which is sensitive in handling and vulnerable
for microbial infections in the whole value chain [5]. With the wide variety of potential
human pathogens, solely the human pathogen Listeria monocytogenes will be generically
addressed in that introduction. For instance, isolates of Listeria monocytogenes, which
were originally verifiable, harbored on cold-smoked fish, were found in patients diseased
from a serious outbreak of listeriosis in Sweden in 1994. As pointed out in an interview,
all of them ate cold rainbow trout or salmon. Primarily, the L. monocytogenes strains
were found at the plant of a single producer. They were isolated from rainbow trout
residues, which were found in the packing machine [6]. Throughout Europe, 94,625
confirmed salmonellosis cases appeared, which is a notification rate of 21.2 cases per 100,000
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population. For Salmonella, the pathogen was most frequently detected in poultry meat,
such as broiler meat or turkey meat [7]. Behind that background, cross-contaminations
between the produce or its primary products and various food-processing plants, such
as dicing machines, and vice versa frequently appear and are a main source of food-
borne illnesses [8–10]. Therefore, the inactivation of human and animal pathogens in
between the value chain is of great interest for producers and consumers. Most common
is a post-production cleaning step in the production environment with sanitizers, such
as foams or liquids, applied by a cleaner, which varies in its design [11–13]. Adversely,
widespread use of disinfectants may create selective pressure for the development of
resistance mechanisms by mutation or acquisition of genetic material, such as plasmids or
transposons [14,15]. Here, the proton motive force-driven multi-drug efflux pump is one
well-studied adaption mechanism, conferring resistance to a diverse range of chemicals [16].
Although disinfectants (i.e., chemicals with a lethal activity against microorganisms) are
used to sanitize the production environments, microorganisms not only withstand cleaning
and disinfection [14]. However, once bacteria are attached or internalized, no effective
method exists to remove or destroy the contamination [17–19]. Because no particular
characteristics of L. monocytogenes have been robustly linked to persistence, characteristics in
the environment are likely to be a more critical determinant of persistence, a conclusion also
reached by Carepentier and Cerf [20]. In crevices and corners, outlasting microorganisms
bear the potential for a serious and continuous source of contamination, which is usually
forced by a hygienic design in food-processing plants. Nevertheless, due to process-related
inaccuracies and conditions during plant manufacturing, corners, holes, edges, and gaps
could frequently appear, even for plants that provide a high-quality hygienic design.
The usually used sanitizers put a disadvantage on the cleaning process because of their
missing grove penetration properties, which additionally supports a microorganism growth
in difficult-to-access cavities. Behind that background, sanitation methods, including a
plasma-processed air (PPA) decontamination step, seem to be advantageous. Due to the
gaseous state of PPA, it has the property to access hard-to-reach cavities. A vast number of
patents [21] and publications [22–27], focusing on indirect plasma treatments, mirror the
relevance of the method as a sanitation concept for produce and surfaces.

The present paper suggests an indirect microwave plasma-based sanitation method,
which applies an indirect treatment via PPA. The PPA is made from ambient air that was
carried over a plasma torch. Subsequently, the heat dissipates until the PPA is carried to a
treatment chamber. In addition to the application as a tool for decontamination of produce,
a PPA-sanitation step offers the possibility for in-process surface decontamination, i.e., a
decontamination of produce and surfaces in the food-processing plants at the same time.
This step cannot replace a conventional cleaning step but reduces microorganism growth
and, thus, supports food safety.

2. Materials and Methods
2.1. Plasma Process

Plasma opens the possibility for various treatment regimes. Parameters, such as the
process gas, the pressure, or the applied power density are highly variable and are easily
adapted to different produce or different processing technologies. In the presented context,
air seems to be very efficient reactant for the microbiological inactivation. Moreover,
air plasmas are excellent sources of reactive oxygen and nitrogen species, such as O,
O2, O3, OH, NO, and NO2 [28,29]. Schnabel et al. controlled the composition of PPA
by mass spectroscopy and showed that 2.7% of the compressed air, which is used as a
working gas, is transformed into reactive and antimicrobial-potent species. This paper
also summarizes the exact composition of PPA, which was identically produced in the
presented experiments [19].

The single-stage atmospheric plasma source, which was used throughout the experi-
ments, is a microwave-driven (2.45 GHz) pulsed plasma generator. It has a power injection
of approx. 1.1 kW. Accordingly, the gas temperature is about 4000 K using a gas flux of
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18 slm air as a process gas (dry ambient air, dew point: 3 ◦C). A period of the pulse rate
(on/off) has a duration of 10 s, whereas a 5 s ignition phase is implemented. In principle, the
presented indirect plasma treatment of solids such as produce or surfaces is segmented into
two sub steps (Figure 1). First, in the pre-treatment (PT) the PPA is generated and collected
in an ordinary laboratory glass bottle (Carl Roth, Karlsruhe, Germany). In the presented
experiments, three different timeframes for a PT were applied (5 s, 15 s, and 50 s), whereas
the dimension of the timeframes only reflects the ignition of the plasma torch. For instance,
a 5 s pre-treatment embraces a whole pulse period (which has a duration of 10 s), i.e., a 50
s PT includes 10 periods. In the second sub step, the freshly generated PPA was carried
over a conduit system into a decontamination chamber where the technical specimens
were placed. The so-called post-treatment (POT) has timeframes of 1 min, 3 min, and 5
min. Since the PPA was carried over high-grade steel pipes into the treatment chamber, it
reaches the chamber at a temperature of approximately 26 ◦C. The combinations for all PT
and POT to different treatment regimens are summarized in Table 1.

Figure 1. Scheme for the indirect plasma treatment of the samples. It highlights the gas flow and the
temperature development throughout the process. The process starts with compressed air that is
carried over a plasma torch where it is processed (pre-treatment). Subsequently, the PPA is carried
via a scrubber and high-grade steel pipes into the treatment chamber (post-treatment), which offers
the possibility for heat dissipation. The temperature is decreased from 4000 K at its production site to
approx. 298 K in the treatment chamber. The total power injection of 1.1 kW is divided on both states
of the on/off-period.

Table 1. Summary of the treatment regime used for the surface decontamination. Every regime
is a combination of a pre-treatment for the PPA production and a post-treatment for the surface-
decontamination step.

Pre-Treatment [s] Post-Treatment [min]

5
1
3
5

15
1
3
5

50
1
3
5

2.2. Technical Specimens and Their Characterization

For the investigation of a broad spectrum of materials that are common in food-
processing plant manufacturing, the materials polyethylene (PE), glass (G), and high-grade
steel (HGS) were used as surfaces for microbial contamination. The specimens were cut into
a rectangular shape with various dimensions. The specimens were sterilized in a sterilizer



Plasma 2022, 5 354

for every experiment. The roughness of the specimens was determined by scanning
probe microscopy (SPM). The SPM measurements were carried out on a DI CP II SPM
(Veeco, Plainview, NY, 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 an additional acoustic protection. The AFM was equipped with a linearized piezo
scanner, on which the specimens were mounted on a metal sample holder. The samples
were measured using cantilevers with nominal spring constants of k = 0.1–0.6 N·m−2 in
contact mode. The pictures were taken with a scanning speed of 0.5 Hz by a picture size
of 25 µm2 and a set point = 8 N·m2. Pictures were edited with the freeware Gwyddion
(Czech Metrology Institute, Brno, Czech Republic). Table 2 summarizes the basic surface
parameters of the specimens.

Table 2. Summary of the surface characteristics of the technical specimens.

Materials Relative Area [µm2] Roughness [nm]

Polyethylene (PE) 255.57 ± 1.24 13.55 ± 2.3
Glass (G) 165.26 ± 1.39 1.33 × 10−4 ± 5.35 × 10−5

High grade steel (HGS) 161.46 ± 2.85 6.16 × 10−6 ± 2.41 × 10−6

2.3. Microbiology and Microbial Preparation of the Technical Specimens

For the recent experiments the microorganisms Listeria monocytogenes, Staphylococ-
cus aureus, Escherichia coli, Salmonella enterica subsp. enterica serovar Typhimurium, and
Salmonella enterica sups. enterica serovar Enteritidis were used. Table 3 summarizes the
basic information of all investigated microorganisms.

Table 3. Summary of the used microorganisms and their DSM and ATCC/NCTC numbers as well as
their growth conditions.

Microorganisms DSM
Number

ATCC/NCTC
Number

Nutrient
Solution

Distributor
Nutrient
Solution

Agar Plates Distributor
Agar Plates

Growth
Temp.
[◦C]

Listeria
monocytogenes DSM 20600

ATCC
15313/NCTC

10357

Standard
nutrient

solution I

Carl Roth
GmbH,

Karlsruhe,
Germany

Standard
nutrient agar

I

Carl Roth
GmbH,

Karlsruhe,
Germany

37

Staphyloccocus
aureus DSM 799

ATCC
6538/NCTC

10788

Standard
nutrient

solution I

Carl Roth
GmbH,

Karlsruhe,
Germany

Trypticase
soy agar

(TSA)

Carl Roth
GmbH,

Karlsruhe,
Germany

37

Escherichia coli DSM 11250 NCTC 10538
Standard
nutrient

solution I

Carl Roth
GmbH,

Karlsruhe,
Germany

Trypticase
soy agar

(TSA)

Carl Roth
GmbH,

Karlsruhe,
Germany

37

Salmonella enterica
subsp. enterica

serovar
Typhimurium

DSM 17058
ATCC

43971/NCTC
12416

Nutrient
solution I

sifin
diagnostics

GmbH,
Berlin,

Germany

Xylose lysine
deoxycholate

agar

sifin
diagnostics

GmbH,
Berlin,

Germany

37

Salmonella enterica
subps. enterica

serovar Enteritidis
DSM 17420 ATCC 13076 Nutrient

solution I

sifin
diagnostics

GmbH,
Berlin,

Germany

Xylose lysine
deoxycholate

agar

sifin
diagnostics

GmbH,
Berlin,

Germany

37

For the contamination of the technical specimens, a bacterial colony-forming unit
(cfu) of a microbial strain was suspended in nutrient solutions of 20 mL in a conical glass
flask. The nutrition solutions were aligned to the microorganism (see Table 3). The culture
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was incubated at 37 ◦C (for all microorganisms) for 4 h on a shaker (80 rpm). Hereafter,
the specimens were submerged in a diluted (1:30) microbial suspension of 1.3 mL in an
Eppendorf tube (1.5 mL). Subsequently, the specimens were cultured overnight at 37 ◦C on
a shaker (80 rpm).

Immediately before the decontamination step, all specimens were washed in PBS
and subsequently stored in a fresh Eppendorf tube (1.5 mL). For the decontamination, the
specimens were kept upright in a tray, which were laid into the decontamination chamber.
Subsequently the PPA was carried into the decontamination chamber and the technical
specimens were treated for various POT times (see Table 1).

Hereafter, the inoculated specimens underwent a determination of the total viable
count of the particular microorganism. Therefore, the treated specimens were shaken in a
nutrient solution, which depends on the microorganism, for 15 min. Based on that solution,
a serial dilution was prepared (1:10–1:1000). Further, 50 µL of each dilution was plated out
on an agar plate and was stored at 37 ◦C overnight. The day after, cfus grown on the plates
were counted and were used for the determination of the RF. For simplicity, Salmonella
enterica subps. enterica serovar Enteritidis and Salmonella enterica subsp. enterica serovar
Typhimurium are referred to as Enteritidis and Typhimurium in the remainder of the text.

2.4. Theoretical Experimental Handling

As mentioned above, the data points embrace three repetitions under the same con-
ditions (N = 3). By the measurements, most values variate in between a narrow range of
cfus depending on the performed experiments with some outliers to high and extremely
high counts of cfu. Those extremely high counts infrequently appear on agar plates with
a dense growth, which were uncountable and, thus, were rejected for the calculation of
any statistical moment or RFs. Behind the background of the distribution of the values
of a single N in the experiments, a log10-normal distribution is assumed. All statistical
moments such as the geometric mean, the multiplicative standard deviation, and t-tests
were computed based on an underlying log-normal distribution [30].

Every RF was calculated with respect to a reference, which is stored and handled in
the same way as the PPA-treated samples. The RFs were calculated as follows:

RF = log10(cfuref)− log10
(
cfusamp

)
(1)

where cfuref is the count of cfus obtained from the references and cfusamp the count of the
cfus on PPA-treated samples. The detection limit of this procedure was one cfu/mL. Since
inactivation kinetic using an RF was presented in this work, the lowest detectable value is
in the range of the number of microorganisms (in log10 (cfu)) of the inoculated sample in
the initial state. For a straightforward method, the number of microorganisms as log10 (cfu)
used for the inoculation of the samples was used as the detection limit. On the other hand,
this approach appears virtually impossible for the representations, since all of the figures
embrace values that were obtained from different samples with diverse microorganisms,
materials, or treatment times. Thus, the detection limit was set to log10 (cfu) = 5, which is
within the standard variation of the cfu counts of the references.

Based on SPM measurements, the effective area of every technical sample was deter-
mined (data not shown). The uncertainties of the surface areas for every technical sample
vary in a narrow range. Thus, due to an intuitive data representation, the uncertainties of
the surface areas in the technical samples were not considered, i.e., the cfu, obtained from
the technical samples were not normalized by the effective area.

3. Results

In the current experiments, technical specimens, which are frequently forming surfaces
of food-processing equipment, were inoculated artificially. As a representation of the broad
spectrum of microorganisms that could occur in a food-production chain, the specimens
were contaminated with E. coli, S. aureus, Typhimurium, Enteritidis, and L. monocytogenes.
After an incubation time of approx. 12 h (overnight) at 37 ◦C, the specimens were plasma
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treated with various regimes. Table 1 summarizes the applied regimes, which are divided
into a pre-treatment and, hereafter, a post-treatment. For a more detailed description of the
plasma processes, see the Experimental section of the current paper.

3.1. Characterization of the Technical Specimens

For the characterization of the technical specimens, SPM measurements were applied.
The focus for the measurements was to gain insight about the relevant surface parameters.
Table 2 summarizes the parameter area, relative area, and roughness.

3.2. RFs Depending on the Microorganism

Figure 2 opens an overview of all experiments and shows the inactivation kinetics of
several microorganisms. The series of experiments embraces five different microorganisms
(L. monocytogenes, E. coli, S. aureus, Typhimurium, Enteritidis), which were cultured on
the surfaces of three different materials (PE, G, and HGS). Subsequently, all inoculated
specimens underwent a two-step plasma-treatment. The treatment is subdivided into two
interdependent plasma processes. The first process, the PT, generates the PPA, which lasts
up to 50 s. Hereafter, the PPA is carried into a decontamination chamber, where the second
process takes place. Actually, the second process comprises the treatment of produce. In
that so-called POT, the samples are exposed to the PPA for up to 5 min. Since the PPA is
composed of various chemically active compounds, such as NOX or, rather rarely, oxygen
radicals, PPA possesses strong potential to inactivate surface-hosted microorganisms. Due
to an increased PT, a strong decrease in proliferation for all bacteria was observed in
all experiments.

It is obvious that an RF of minimum two log10 steps is obtained for all microorganisms
after a 5 min post-treatment in the presence of PPA from a 50 s pre-treatment (Figure 2c).
For that treatment regime, RFs frequently run below the detection limit. Enteritidis is on
PE (POT ≤ 3 min), S. aureus, E. coli, and Enteritidis on G (POT: 5 min, all of them), plus
on HGS S. Enteritidis and Typhimurium (POT: ≤3 min), together with L. monocytogenes
(POT: 5 min), responded that way to PPA treatment. In addition to high RFs, which lie
below the detection limit, the highest RF was determined on G for Enteritidis after a POT
time of 5 min and a PT of 50 s (RF: 3.06 ± 0.74). The lowest RF was reached on G for L.
monocytogenes (RF: 2.01 ± 0.72). Lower RF with a relatively potent disinfectant, such as PPA
generated in a 50 s pre-treatment time, was observed for L. monocytogenes on PE and G (PE:
2.43 ± 0.41). Table 4 summarizes the highest RF for every microorganism and for various
treatment regimes. Only E. coli shows a so-called tailing behavior [31], which is an increase
in the RF to its maximum after a short POT (≤1 min) that stays constant over the residual
POT.
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Figure 2. Inactivation kinetics of various microorganisms (L. monocytogenes, E. coli, S. aureus, Ty-
phimurium, and Enteritidis) on PE, G, and HGS surfaces. All specimens underwent a maximum POT
of 5 min. The PPA was produced in a 5 s PT (a), 15 s PT (b), and 50 s PT (c). The graphs embrace the
arithmetic means (N = 5) and the standard deviations.

Table 4. Summary of extreme RF values categorized after the range of tested MOs.

Microorganism Highest RF Treatment Regime Lowest RF Treatment Regime

L. monocytogenes below DL (HGS) PT: 50 s, POT: 5 min 0.51 ± 0.11 (PE) PT: 5 s, POT: 1 min
S. aureus below DL (G) PT: 50 s, POT: 5 min 0.57 ± 0.28 (PE) PT: 5 s, POT: 1 min

E. coli below DL (G) PT: 50 s, POT: 5 min 0.35 ± 0.39 (HGS) PT: 5 s, POT: 1 min
Typhimurium below DL (HGS + G) PT: 50 s, POT: 3–5 min 0.57 ± 0.72 (G) PT: 15 s, POT: 3 min

Enteritidis below DL (HGS + G + PE) PT: 50 s, POT: 3–5 min 0.57 ± 0.77 (HGS) PT: 5 s, POT: 1 min

As one can see from Table 4, the highest RF for all microorganisms is obtained after
the most powerful post-treatment (5 min) based on a potent PPA, producing pre-treatment
(50 s, Figure 2c) either on HGS (L. monocytogenes and Typhimurium), PE (Enteritidis), or
on G (S. aureus, E. coli, and Enteritidis). In contrast, most of the lowest RFs for the tested
microorganisms (L. monocytogenes, S. aureus, or E. coli, and Typhimurium) were obtained
after a soft treatment (PT: 5 s and POT: 1 min) on PE or HGS, respectively (Figure 1),
whereas Enteritidis revealed its lowest RF after a slightly stronger treatment with a longer
PPA exposure (POT: 3 min) and a more potent PPA itself (PT: 15 s) on an HGS surface
(Figure 2b).
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3.3. RFs Depending on the Surface Material

Figure 2 additionally emphasizes the dependency of the RFs for the monitored mi-
croorganisms from their substrates, which are the materials PE, G, and HGS. As described
briefly above, the foundations of Figure 2 are the experiments (and the resulting RFs),
which are summarized in Table 3. Consequently, the highest RFs were obtained after the
strongest treatment (PT: 50 s and POT: 5 min) on every material and fall below the detection
limit (Figure 2c). In no particular order, RFs below the detection limit were obtained on
G for Enteritidis, E. coli, and S. aureus after a PT of 50 s and a POT of 5 min, on HGS for
Typhimurium and Enteritidis (PT: 50 s, POT: ≤3 min), together with L. monocytogenes (PT:
50 s, POT: 5 min). All RFs exceeded a limit of 2 log10 steps, with a minimum of RF: 2.01
± 0.72 for L. monocytogenes on PE. Noteworthily, on PE, generally, the lowest RFs were
obtained. As a great exemption, some RFs obtained on G and HGS by semi-strong or strong
post-treatments (1 min < treatment ≤ 5 min) and a strong pre-treatment (50 s) fall below
the ones obtained for PE (E. coli on HGS POT: 1 min, L. monocytogenes on G POT: 5 min,
and Typhimurium on G POT: 5 min). Table 5 summarizes the effect of a PPA treatment on
microorganisms hosted on the various materials.

Table 5. Summary of extreme RF values categorized after various surface materials as a substrate for
MO growth.

Material Highest RF (MO) Treatment Regime Lowest RF (MO) Treatment Regime

PE below DL (Enteritidis) PT: 50 s, POT: 3 min 0.51 ± 0.11 (L. monocytogenes) PT: 5 s, POT: 1 min

G below DL (S. aureus, E.
coli, Enteritidis) PT: 50 s, POT: 5 min 0.57 ± 0.72 (Typhimurium) PT: 15 s, POT: 1 min

HGS
below DL (Enteritidis,

Typhimurium, L.
monocytogenes)

PT: 50 s, POT: 3–5 min 0.35 ± 0.39 (E. coli) PT: 5 s, POT: 1 min

3.4. RFs Depending on the Pre-Treatment

Further, also visible from Figure 2 is the PT-dependent RF progress over the monitored
POT time. As described in the previous sections, the foundation of Figure 2 is also the
experimental set that underlies the preceding graphs and tables. In contrast, this presen-
tation emphasizes the length of the PT treatment, i.e., the antimicrobial strength of the
PPA. As is obvious from the other representations, a 50 s PT leads to the strongest RF for
every microorganism on every monitored surface material. When the PT time is increased,
especially G and HGS surfaces showed a pronounced growth in the RF over the POT time.
Consequently, Figure 2 shows very distinct inactivation kinetics for S. aureus, E. coli, and
Enteritidis on G as well as Typhimurium, Enteritidis and L. monocytogenes on HGS, in terms
of a higher RF for a longer PT time. All RFs for the mentioned microorganisms run below
the detection limit. The inactivation kinetics found on PE for the microorganisms, which
are not explicitly mentioned above, strongly differ from the later ones in terms of lower
RFs, around approx. 2.5. The inactivation kinetics for L. monocytogenes and Typhimurium
found on G did not fall below the detection limit (Figure 2c). Enteritidis showed varying
inactivation kinetics on PE. Here, a POT ≤ 1 min reveals a sharp increase in the RF, which
runs below the detection limit after a POT of 3 min. Table 1 summarizes the relevant values
for RF in the dependency of the PT time.

As is represented by the data, no pronounced trend for the RFs influenced by the
roughness is obvious. All microorganisms show the highest RFs on G, whereas the RFs on
HGS and PE are not significantly different. For different roughness and surface chemistries,
only the variance in the RFs differs on the various surfaces. Additionally, microorganisms
were divided into a Gram-positive and Gram-negative group, which shows no significant
difference in their RF. For that classification, G and HGS frequently show RFs, which run
below the detection limit (Gram-negative on G: Enteritidis and E. coli and Gram-positive
on G: S. aureus, Gram-negative on HGS: Enteritidis and Typhimurium as well as Gram-
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positive on HGS: L. monocytogenes). Table 6 outlines the range of treatment outcomes using
extreme values.

Table 6. Summary of extreme RF values categorized after various PT times.

PT Time Highest RF (MO) Treatment Regime Lowest RF (MO) Treatment Regime

5 s 1.70 ± 0.4 (S. aureus) POT: 3 min/HGS 0.35 ± 0.39 (E.coli) POT: 1 min/PE

15 s 2.49 ± 0.25 (E.coli) POT: 3 min/G 0.48 ± 0.41
(Enteritidis) POT: 1 min/PE

50 s
below DL (Enteritidis, E. coli, S.

aureus, Typhimurium, L.
monocytogenes)

POT: 3–5 min/PE, G,
HGS 0.52 ± 0.18 (E. coli) POT: 1 min/HGS

4. Discussion

How did PPA decontamination occur? The property of PPA for decontamination lies
in the production of RNS, which was proved in several studies [22,23,27,32]. When the
bacteria, which are being used in the experiments, undergo an overtreatment in regimes
with very potent PPA, the RFs fall below a detection limit. This behavior was found on
every surface material for distinct microorganisms. Specifically, Enteritidis reacts in a
similar manner to an overtreatment and falls below the detection limit on all materials.
However, maximum RFs that are generally obtained in the experiments lie around four
log10 steps. In comparison, other authors describe higher RF, up to 5.5 log10 steps [19],
with the very same setup for P. fluorescence, 6.5 log10 steps on more complex surfaces,
such as eggshells [33], with a resistive barrier discharge, or 6–9 log10 steps for S. aureus,
with a cascaded dielectric barrier discharge on PET foils [28]. At first glance, the presented
method of an indirect plasma-treatment seemed to be less effective than other plasma-based
methods for a surface decontamination. We simply did not reach the RFs as described in
the literature. However, it has to be mentioned that the other processes need treatment
times of up to 60 min [33] or prefer a direct treatment that uses plasma ignition directly
on the surface [28,34]. These methods are time consuming and, thus, not applicable in a
commercial value chain or highly impartible for sensitive materials, such as food. Moreover,
technically, plasma sources described in the literature are frequently run by inert gases or a
mixture of gases, such as O2 or H2 [35]. On the contrary, PPA just needs compressed ambient
air for its production, which additionally lowers the costs. Thus, the usage of indirect
plasma methods for the sanitation is under active research, because it allows a fast and safe
sterilization of different materials from glass over polymers to human tissue [24,36,37]. Of
course, Schnabel et al. [38] used the same setup as we did, but since every single experiment
is somehow unique in terms of repairs or maintenance of the plasma source and preferences
in handling by the users, variation in a log10 step is reasonable. Additionally, the initial,
on-growing concentration of microorganisms, directly on the surface, could be different in
the experiments among the discussed publications.

The kinetics of an antimicrobial inactivation of different microorganisms on various
surface materials appear very different. At a first, microbiologic appearance, it can be
addressed to the cell wall structure of the cell, i.e., is the bacteria Gram-negative or Gram-
positive? In the presented experiments, S. aureus and L. monocytogenes are Gram-positive
bacteria, whereas the two Salmonellas and E. coli are Gram-negative. Because of hydrolysis
in the cell wall, Gram-negative bacteria are more sensitive against acidification of their
surrounding media, which is obvious in the experiments as Enteritidis seems to be very
sensitive to PPA treatment. The RFs of the Gram-negative bacteria Enteritidis reliably run
below the detection limit for intense treatment regimes. Only a treatment with less potent
PPA (a PT of 5 s and 15 s) revealed higher RFs for the Gram-positive S. aureus than for any
other Gram-negative bacteria. Because the graphs of the inactivation kinetics running in
parallel and the RF for S. aureus frequently lie in the error tolerance of Enteritidis, these
findings likely appear to be negligible. Due to a minor response to a PPA treatment of
Gram-staining distinguishable bacteria, the composition of the cell wall seemed not to have
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a dominant role in our presented experiments. For all overtreatments, every single set of
experiments only showed RFs below the detection limit for a maximum three microor-
ganisms. For instance, the RFs of S. aureus, E. coli, and Enteritidis fall below the detection
limit when G surfaces undergo PPA treatment. That is, the RFs of two Gram-negative and
one Gram-positive species lie below the detection limit after a POT of 5 min. Since we
have only a group of three bacteria, one cannot assume an effect of Gram-distinguishable
bacteria. Thus, coincidence is within the realms of possibility. Nevertheless, Schnabel
et al. [29] described Gram-negative pathogens as being more sensitive to PPA treatments, a
finding that we can support, at least for the PPA-sensitive species Enteritidis. The author
addresses this effect to a higher susceptibility against acidic surroundings that destabilize
the membrane [19,39]. Schnabel et al. assigned the effect to the diffusion properties in the
bacterial cell of the major gas components NO and NO2. Minor components, such as CO2,
H2O, and HNO2, may play a subsidiary role [40].

However, a detailed representation of the steps leading to an inactivation of the bac-
teria is still under research. Resistances against nitric oxides are unknown up to date,
which might because intracellular nitric oxides are signaling and defense molecules [41–43].
Various authors [41,44,45] highlighted enterobacterial flavohaemoglobin (Hmp) for NO
detoxification. Evidentially, Hmp holds a central role when nitrosative stress overcomes a
bacterium [41]. The ambiguous effectivity of nitric oxides and their energetically excited
species (which also embraces RNS) may lower the bacteria’s ability to develop highly effec-
tive defense strategies, which is the case for oxidative stress [46,47]. Notably, prokaryotes
and eukaryotes both possess specific forms of the enzyme superoxide dismutase (SOD),
which is occasionally lacking in a few anaerobe forms [48]. The SOD catalyzes the dis-
mutation of superoxide radicals, which might seriously damage the cell [49,50]. Behind
that background, a treatment with RNS may be favorable. This advantage becomes more
substantial, since reactive oxygen species are consumed by organic contaminations, which
are logically present during food processing. Another notable aspect behind the discussed
background is a possible viable but non-culturable state (VBNC state) in many bacteria,
which is supposed to be a surviving strategy that is comparable to the sporulation or dor-
mancy of other bacteria [51,52]. Under these circumstances, bacteria do not proliferate on or
in nutrient media and, thus, are not detectable via ordinary proliferation assays. Moreover,
the metabolic activity widely remains unchanged [53,54]; solely the synthesis of several
macromolecules and the cell breath are affected [55] and the cells retain their virulence,
which means other tests than proliferation assays are desirable to determine RFs. The
microorganisms, which are used in the experiments, show such a behavior. VBNC states
are known for L. monocytogenes [56,57], Salmonella [58,59], S. aureus [60], and E. coli [61,62].
Specifically, a low pH value tends into the focus for a trigger for a VBNC state [63,64].

The obtained inactivation kinetics were not proportional to time, which indicates
a multi-phase kinetic, a phenomenon that is also described by others [65]. Frequently,
experiments reveal a high RF after a short POT (approx. 1 min), which stays constant over
the residual treatment time. This behavior is called tailing [66]. On the technical specimens,
the graphs show only tailing in the case of E. coli, i.e., a maximum inactivation rate for
E. coli was reached after one minute POT and a PT of 15 s. For RFs running in a global
tailing, Schnabel et al. [19] suggested a rough surface that supports a strong linkage to
the surface that negatively influences the recovery process and the detection in the used
proliferation assay; this is an explanation that cannot be suitable for the presented data.
In our experiments, tailing behavior was rather related to a pre-treatment time than to a
specific material. Additionally, a general behavior of E. coli, which is independent from the
substrate and the treatment, cannot be subjected in the case of the presented study. This
may be in correlation with the limited penetration depth of plasma of a few nanometers.
Therefore, stacked bacteria or surface layers may gradually slow down the inactivation
process [29], which is, again, an effect that is independent from the surface material.
Gusbeth et al. [67] described the deviation from the first-order kinetics by a different
sensitivity of pelagic bacteria, spores, and bacteria hosted in biofilms. This explanation is
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still possible, because a 15 s pre-treatment can be strong enough to harm microorganisms in
the suggested way and gently enough not to cover the effect by an overtreatment. However,
the effect was not directly addressable via the conducted experiments.

Since no strict dependency from the surface material was observed, no surface varia-
tions, such as roughness or surface potential, seem to be meaningful for bacterial coloniza-
tion. The colonization of surface embraces various steps, such as protein deposition on the
surface, cell attachment or the ability of the cell to build a biofilm [68–71]. Behind that back-
ground, our findings support the thesis that the colonization and the resilience against PPA
treatments are predominantly governed by the bacterial properties that vary from strain to
strain but, abundantly, also from cell to cell or from their contemporary life cycle, which
gives the kinetic graphs huge variations and might explain the observed inconsistency.

How do we see an “in-process” sanitation step? It is simply a cleaning step, which
can be conducted between two processing steps or during the process itself. As the
processing of food needs secure sanitation steps in terms of a reduction in microbial load, a
conventional method for sanitation is the use of a sanitizer after the production when the
plants stop running. Thereby, the frequency of a sanitation step depends on the produce.
For instance, dryer produce normally does not frequently need a cleaning procedure.
Ordinarily, dry produce, with a few exceptions, such as wheat grain [72], is not that
susceptible to contamination, such as humid produces, which offers a good substrate for
microbial growth. Especially in meat and fish processing, a spreading of microorganisms
appears more likely due to deficient sanitation. As a result, frequent cleaning steps are
necessary to guarantee safe produce, which fulfill microbial specifications and prevent
foodborne illnesses for consumers. Behind that background, an in-process cleaning step,
which inhibits the growth of microorganisms during the process, would be desirable, since
continuous production will lower the costs of produce. Such a process will save resources in
terms of time, materials, such as sanitizers or basic materials, and work force. PPA appears
to be highly suitable for an in-process sanitation step. Generally, plasma-based surface
sanitation is well described for medical devices [73], in high-vacuum environments [74]
and in food processing [24], as a vast number of patents [75] and publications [36,40,76,77]
proves. Schnabel et al. [29,40] and Fröhling et al. [78] described indirect plasma-based
sanitation methods, which also embrace PPA treatment. These methods are particularly
suitable for the treatment of foods. PPA has accessibility to caves, holes, and cavities, which
cannot be eliminated by a hygienic design. Additionally, PPA is easy to produce by a
plasma source, which is addable to any enclosed food-processing plant. The cleaning step
itself can be conducted between the processes without any interventions by an operator.
Thus, such a cleaning step is highly suitable for automated processes.

5. Conclusions

An indirect quasi-thermal plasma treatment is a promising technology for the food
industry. It acts rapidly and beside nitrous compounds in the exhaust gases, which is con-
tradictable by a scrubber column and it does not leave any toxic residuals on the processed
parts. Additionally, the temperature rise can be kept at an acceptable level [79]. The cocktail
of antimicrobial-potent plasma species generated via a microwave-driven plasma source
makes quasi-thermal plasma suited for the decontamination of more sensitive surfaces
in food-processing settings [80–84]. The groove penetration properties of the presented
method make it an ideal tool for a quick sanitation step, either to replace or to support
common sanitation steps. The antimicrobial efficacy of the PPA method is, for the tested
microorganisms, comparable to other sanitation methods, such as, for instance, the use of
chlorine dioxide, which has the disadvantage to attack seals and various synthetic materials.
Due to easy handling, it can be integrated into established sanitation strategies, such as a
CIP scenario.

In addition to these more general interpretations of the results, dependency of the
inactivation efficiency due to the used microorganisms, the various treatment regimes, and
of the surface was detected. Behind that background, it became obvious that the influence
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of the controlled substrate materials is very low and is, for some cases, negligible. For
the recent data, there is no significant difference for the inactivation of Gram-positive or
Gram-negative microorganisms detected. The major effect, which increases the inactivation
efficiency, is the prolongation of the PT and the POT. The chemistry, which is underlying
an indirect PPA treatment, should be subjected to further research efforts.
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