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Featured Application: The results revealed that a piezoelectric low-voltage cold atmospheric
plasma generator effectively inactivates foodborne pathogenic bacteria on stainless steel surfaces.
This intervention shows great potential to be used in the food industry for the disinfection of
equipment and processing surfaces.

Abstract: Cold atmospheric pressure plasma (CAP) is a novel non-thermal technology that is gaining
increasing importance as a decontamination method. Stainless steel is a widespread food contact sur-
face used in food-processing environments. In this study, for the first time, a low-voltage piezoelectric
CAP device that uses ambient air was assessed for its antimicrobial efficiency against Salmonella and
Listeria monocytogenes. These inoculated on stainless steel at different exposure times (0–300 s), two
different distances (10 and 20 mm), and two different cleanliness levels (clean and protein-soiled).
Two inactivation models were compared to study the inactivation kinetics of the pathogens. The
results showed that CAP treatment effectively reduced L. monocytogenes and Salmonella levels. The
Weibull + tail model showed better goodness of fit than the Weibull model. Protein-soiled coupons
showed a protective effect to cold plasma inactivation achieving lower reductions compared to
clean stainless-steel coupons for both L. monocytogenes and Salmonella. Longer distances from the
plasma source decreased the decontamination efficiency of CAP; however, the difference in pathogen
reduction was less pronounced at longer exposure times. This study demonstrates the capacity of a
low-voltage piezoelectric CAP device to effectively reduce the levels of both foodborne pathogens
on stainless-steel surfaces and the potential to adopt this technology by the food industry as a
disinfection process of surfaces to reduce cross-contamination and thus increase safety.

Keywords: piezoelectric cold atmospheric plasma; stainless steel; foodborne pathogens; Listeria
monocytogenes; Salmonella

1. Introduction

Safety is one of the main challenges the food industry is facing. Foodborne dis-
eases with a bacterial origin, including Salmonella, Campylobacter, Enterohaemorrhagic
Escherichia coli, Listeria, and Vibrio cholera, have an important socioeconomic impact. Ac-
cording to the World Health Organization (2015), it is estimated that 600 million cases
and 420,000 deaths are caused by unsafe food [1]. Foodborne disease may cause severe
symptoms and can be life-threatening if not treated properly. In particular, L. monocytogenes
and Salmonella are foodborne pathogens of great importance due to their high prevalence
and fatality rates. Salmonellosis caused by S. Typhimurium was reported to have a high
prevalence of 21.2 per 100,000 people and a fatality rate of 0.24%, whereas Listeriosis,
caused mainly by L. monocytogenes, has a lower prevalence (0.46/100,000 people) but a high
fatality rate of 17.7% [2].
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One of the common routes of food contamination is the direct contact of foodstuff
with contaminated food-processing surfaces. It has been demonstrated that conventional
procedures for disinfection and sanitization are not always enough to eliminate foodborne
pathogens from processing surfaces, especially when biofilms are allowed to form [3–6].
Cross-contamination represents an important food safety issue; therefore, the food industry
is looking for novel methods that can be incorporated into automated food-processing
environments to tackle it.

Different novel methods are being tested for food contact surface decontamination,
such as UV light, dry ice cleaning, ultrasound, and ozone, each one with its own advantages
and limitations [7,8]. Cold atmospheric plasma (CAP) is a non-thermal decontamination
technology suitable for treating material or foodstuffs that are sensitive to heat and other dis-
infection methods [9]. CAP is considered the fourth state of matter and can be generated by
applying an electric field to air, nitrogen, or other working gases. The air molecules are then
excited, and reactive species from oxygen and nitrogen (RONS) with antibacterial activity
are generated, including NO, NO2, CO, CO2, H2O2, and O3 [10]. RONS act independently or
in synergy through different mechanisms when in contact with the cell, including oxidative
damage to the membrane, structural proteins, and DNA. Altogether, these mechanisms lead
to cell-membrane disruption and ultimately to cell inactivation [11,12].

Different cold plasma technology sources have been studied for the inactivation
capacity against foodborne pathogens, including dielectric barrier discharge (DBD), corona
discharges, plasma jet (CDPJ), and glow discharge [13]. These technologies have been
applied in the food industry for disinfection of processing equipment, foodstuff, and
packaging materials; for instance, disinfection of milking machines [14], a DBD device
for the sterilization of post-packaging ready-to-eat food [15], and grain for food and seed-
purposed disinfection by a negative high-voltage corona discharge [16]. Also, DBD systems
fed with different gases have been studied against spore-forming bacteria on wheat [17],
and against Salmonella, E. coli, and L. monocytogenes, on glass slides, in-shell pecan, and on
cherry tomato surfaces [18], with promising results.

CAP has also been tested for its ability to disinfect stainless steel, which provided that
it is the most used material on the surfaces of food industry equipment and appliances. For
instance, a custom-made high-voltage generator cold plasma device effectively reduced
L. monocytogenes and Salmonella on stainless steel [3], and a high radio frequency CAP
showed antimicrobial activity against E. coli K12 on stainless steel and polyethylene [19]. In
general, the reductions reported fall within the range of 1 to 5 log depending on different
factors such as the time of treatment, input voltage, frequency, type of plasma source,
environmental humidity, working gas, and distance from the source [3,20].

In order to generate plasma in atmospheric air, an electric field higher than 30 kV/cm is
required [21]. However, high-voltage devices imply higher costs and constraints in portabil-
ity due to safety issues. Piezoelectric transformers amplify a low-voltage input to generate
breakdown in air through electromechanical resonance [21]. Low-voltage CAP sources
have been demonstrated to effectively inactivate bacteria and have shown potential for
clinical use due to their low operating cost and low safety risks [22]. Specifically, an air-fed
piezoelectric plasma pen showed antimicrobial activity against, Staphylococcus (S.) aureus,
S. epidermis, E. coli, P. aeruginosa, and C. albicans on growth media [22].

In this study, the aim was to evaluate for the first time the effectiveness of a piezo-
electric CAP device that used ambient air to produce plasma for the inactivation of Gram-
positive L. monocytogenes and Gram-negative Salmonella deposited on stainless steel consid-
ering the plasma exposure time and distance from the plasma source as variables. Moreover,
BSA was used as a soil accumulation model on stainless steel to simulate real-life condi-
tions; thus, the effectiveness of this technology on clean or protein-soiled surfaces was also
studied. To the best of our knowledge, this is the first study investigating the inactivation
efficiency and inactivation kinetics of a piezoelectric CAP against foodborne pathogens on
a food contact surface.
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2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

Salmonella enterica serovar Typhimurium DT104 and Listeria monocytogenes NCTC 7973
were used for this study. For each of the strains, a loopful of fresh Tryptone soya agar
(TSA; Oxoid, UK) slope culture was inoculated into 10 mL of tryptone soya broth (TSB;
Oxoid, UK) and incubated at 37 ◦C for 24 h. Subsequently, 100 µL of a 10−4 dilution of this
broth culture in maximum recovery diluent (MRD, Oxoid, UK) was inoculated into another
10 mL TSB broth and incubated at 37 ◦C until the stationary phase of growth was reached.
The final 10 mL cultures were harvested by centrifuging at 3600× g for 30 min, washed
twice in PBS, and the bacterial pellet was subsequently resuspended in a final volume of
10 mL PBS to give approximately 109 CFU/mL.

2.2. Cold Plasma System

In this study, a handheld CAP system Piezobrush® PZ2 (Relyon Plasma, Regensburg,
Germany), which uses a piezoelectric direct discharge (PDD®) technology, was employed.
This technology is based on the direct electrical discharge of a piezo-ceramic transformer
(PZT) into a working gas (air) to transform a low input voltage into high electric field forces.
Specifically, the PZT with a voltage transformation ratio of more than 1000 can achieve
high output voltage at low input voltage. The input voltage of DC power was 15 V and at
a frequency of 50 kHz. In this study, a multigas nozzle with an inner electrode formed as a
needle, as shown in Figure 1, was used. The inducer gas used was ambient air, which was
fed into the CAP system by an internal axial fan, producing a corona-like plasma jet [22].
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2.3. Inoculation and Treatment of Clean and Protein-Soiled Stainless Steel

Stainless-steel (SS) 304 samples were used as food contact surfaces (1 × 1 cm), as this
SS type is very commonly used in the food industry due to its physicochemical stability and
resistance to corrosion. Before inoculation, the coupons were thoroughly cleaned following
the procedure described by Kostaki et al. (2012). The study included two surfaces of
different cleanliness (clean and protein-soiled) to determine the inactivation efficiency of
cold plasma before and after food factory cleaning. Bovine serum albumin (BSA) was
used as a natural organic food contaminant to prepare the protein-soiled food contact
surface. A stock BSA solution (6 mg/mL) was prepared with sterile deionized water
and sterilized by filtration (0.2 µm pore size). The choice to use BSA was based on the
EN 13697:2015 protocol for the evaluation of chemical disinfectants, which adopts BSA as a
way to simulate realistic conditions typically found in a food-processing facility [23].

For each pathogen, two different solutions were prepared to inoculate the SS surfaces.
For the protein-soiled solution, 1 mL of BSA solution was transferred into a sterile container,
and 1 mL of the microbial suspension was subsequently added (3 mg/mL final BSA
concentration). For the clean surface solution, 1.0 mL of PBS was transferred into a
container, and 1.0 mL of the microbial suspension was added. The solutions were 10-
fold serially diluted and spread plated on TSA plates and incubated at 37 ◦C for 24 h to
determine the levels of each pathogen before SS surface inoculation. A volume of 100 µL of
either solution was placed on the SS surface and spread to cover the whole surface area.
Subsequently, all SS surfaces were air-dried for 60 min under aseptic conditions before
treatment. Salmonella and L. monocytogenes were inoculated onto the SS surfaces separately.

2.4. Recovery and Quantification of Salmonella and Listeria monocytogenes Cells

The cold plasma treatments were performed in atmospheric conditions (at approxi-
mately 22 ◦C and relative humidity of 60%) by placing the SS surfaces on a Petri dish at a
distance of 10 or 20 mm from the plasma emission and treated for 0 (control), 60, 120, 180,
240, and 300 s. The quantification of pathogenic bacteria before and after CAP treatment on
SS surfaces was performed by aseptically transferring each surface into a sterile falcon tube
with 10 mL of PBS and a layer of glass beads (diameter 1.5 mm). The falcon tubes were
then placed in a shaking incubator for 15 min. When appropriate, 10-fold dilutions were
prepared in 9 mL MRD. An aliquot of 100 µL of each of the 10-fold dilutions was spread
plated on TSA for both Salmonella and L. monocytogenes and left for incubation at 37 ◦C for
24 h followed by colony counting. Six replicate samples were analyzed, and each sample
was plated in duplicate.

2.5. Statistical Analysis

The descriptive statistics and analysis of variance were carried out using SPSS v. 26.0.
The ANOVA was performed considering treatment time, distance, cleanliness, and strains
as factors, with log CFU/mL as the dependent variable. A Tukey-test was performed as a
post hoc analysis among the different groups of treatment time. A p-value of <0.05 was
considered significant. Six replicates were carried out for each of the experiments.

2.6. Inactivation Modeling

Inactivation models were fitted in R (version 3.6.1) [24], using the nlsMicrobio pack-
age [25]. As inactivation data are frequently nonlinear, for example, often exhibiting either
a tail or a shoulder, a Weibull model and a Weibull + tail models were compared to de-
scribe the microbial inactivation curve [26–28]. For the Weibull model, the concentration of
microorganisms at time t, Nt is given by:

log10 Nt = log10(N0)−
(

t
δ

)p
(1)
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For the Weibull + tail model is:

log10 Nt = log10

[
(10log10 N0 − 10log10 Nres)× 10(

−t
δ )

p
+ 10log10 Nres

]
(2)

where, N0 is the initial concentration of microorganisms, and Nres is the residual microbial
cell density at the end of the study period while p and δ are related to the shape and scale
of the curve, respectively. Here δ is the time for the first decimal reduction, and p gives the
shape of the curve, where p = 1 indicates a straight line, p < 1 corresponds to an upward
concave survival curve, and p > 1 indicates a downward concave curve. Thus, in the
context of microbial inactivation, p < 1 indicates that the rate of inactivation is slowing
over time, as the remaining cells are potentially harder to kill, whereas p > 1 suggests that
the remaining cells are becomingly increasing susceptible (van Boekel, 2002).

The fit of the two models (Weibull and Weibull + tail) was compared using leave
one out cross-validation. That is, each observation was removed from the dataset in turn,
and both models were fitted to the remaining data and used to predict the value for the
removed observation. The predictive ability of the two models was compared using root
mean square error and R-squared values (Table 1).

Table 1. Log reduction of L. monocytogenes and Salmonella after CAP treatment from 0 to 300 s, at two different distances (10
and 20 mm), and inoculated on clean stainless-steel (SS) or protein-soiled SS. The results are expressed as the mean ± SD.
The superscript letters indicate different subsets for each treatment; the same letter indicates no significant difference when
α = 0.05 and n = 6.

Bacterial Species Treatment Time (s)

Reduction (log CFU/mL) (Mean ± SD)

10 mm Distance 20 mm Distance

Protein-Soiled SS Clean SS Protein-Soiled SS Clean SS

Listeria 60 0.81 a 0.21 1.51 a 0.29 0.48 a 0.22 1.01 a 0.24
monocytogenes 120 1.49 b 0.26 2.33 b 0.29 1.02 b 0.26 1.52 b 0.21

180 1.95 c 0.13 3.01 c 0.41 1.34 b 0.51 2.03 c 0.39
240 2.46 d 0.27 3.47 d 0.38 2.25 c 0.12 3.23 d 0.24
300 2.73 d 0.28 3.59 d 0.34 2.52 c 0.35 3.32 d 0.28

Salmonella 60 0.84 a 0.20 1.52 a 0.50 0.80 a 0.18 1.25 a 0.17
Typhimurium 120 1.34 b 0.24 2.42 b 0.20 1.04 a 0.22 1.68 b 0.27

180 1.94 c 0.22 3.01 c 0.23 1.38 b 0.18 2.25 c 0.25
240 2.56 d 0.33 3.49 d 0.22 2.36 c 0.23 3.44 d 0.20
300 2.67 d 0.23 3.51 d 0.08 2.32 c 0.26 3.54 d 0.19

Separate inactivation curves were fitted for each combination of the treatment types,
that is, for the two bacteria (L. monocytogenes and Salmonella), the distances from the plasma
source (10 or 20 mm), and the cleanliness of the steel (clean or protein-soiled). For each
treatment combination, the final concentration at the end of the study period (i.e., after
300 s) was predicted under both models (Equations (1) and (2), respectively) to enable the
log reduction to be calculated. Parameter estimates and the log reduction achieved during
the study period were compared between the treatments.

3. Results and Discussion
3.1. Inactivation of Salmonella and Listeria monocytogenes

This study aimed to assess the inactivation efficiency against L. monocytogenes and
Salmonella inoculated on clean or protein-soiled stainless steel (SS), using an air-fed low-
voltage piezoelectric CAP device at exposure times up to 300 s, and different distances
between the plasma source and the contaminated surface. CAP treatment was able to
significantly reduce the levels of both pathogens. The log reduction results in Table 1
demonstrate that pathogen inactivation on the SS surface is time-dependent. The analysis
of variance indicates that the treatment time was the factor with the greatest influence
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(F > 1000, p < 0.001), followed by the cleanliness of the surface (F > 900, p < 0.001) and
finally, the distance from the source (F > 152, p < 0.001) for both strains.

Our results are in agreement with previous studies, where higher levels of inactivation
were achieved as a function of treatment time [3]. In a previous study, a high-voltage input
CAP device at 13.7 kHz showed reductions of >3.55 log CFU/mL on L. monocytogenes and
2.06 log CFU/mL on S. Typhimurium, after 175 and 105 s, respectively, on SS when the
initial inoculum was approximately 8 log CFU/mL. Another study that used an RF plasma
system (13.6 MHz) reported a time-dependent antimicrobial activity against E. coli K12
inoculated on SS, achieving up to 5 log reduction after 30 min of treatment, with an initial
inoculum of log 7 [19]. Another report using a high-voltage (10 kV) CAP device with a
frequency of 2 kHz also showed 2.80, 3.43, and 4.17 log bacterial reductions after 5, 10,
and 20 min, respectively, against E. coli inoculated on SS [29]. The present study showed
that similar reductions of 3.51 and 3.59 log CFU/mL were achieved for Salmonella and
L. monocytogenes, respectively, on SS after 5 min of treatment using the piezoelectric CAP
device. It has been found that the air-fed CAP system employed in this study produces
NO2, O3, and NO at temperatures below 35 ◦C [22]. A primary target for the cold plasma
reactive species is the cell membrane of bacteria, resulting in oxidative damage, affecting its
permeability and loss of membrane potential [30,31], denaturing functional proteins [32],
damaging DNA [11,33,34], and causing accumulative injury in a time-dependent manner
surpassing the anti-oxidative stress capacity of the bacteria [35].

The food-processing facility’s conditions can affect the effectiveness of cell inactivation
by CAP. In this study, BSA was used to simulate soiling on inoculated SS surfaces. Accord-
ing to our results, CAP treatment of protein-soiled samples achieved a lower reduction
compared to clean SS. After 300 s of CAP treatment, a difference of 0.80–0.85 log CFU/mL
for L. monocytogenes and 0.84–1.22 log CFU/mL for Salmonella was observed between clean
and protein-soiled samples. Similarly, Katsigiannis et al. observed that inactivation levels
were higher using a high-voltage CAP in clean conditions compared to a protein-soiled
surface achieving a log CFU difference of 1.72 log CFU/mL for L. monocytogenes after
175 s [3]. It has also been found that pathogenic bacteria covered with BSA and subse-
quently inoculated on stainless steel also showed reduced inactivation levels after cold
plasma treatment. This was attributed to the protective effect of serum albumin on the
bacterial cells against the reactive species generated by CAP [29].

The current results show that a shorter distance from the plasma source, i.e., 10 mm,
resulted in higher inactivation levels compared to a 20 mm distance. For example, this
can be shown by the reduction achieved for L. monocytogenes after 60 s plasma exposure
at 10 mm (0.81–1.51 log CFU/mL) and 20 mm (0.48–1.01 log CFU/mL). A similar trend
was observed for Salmonella as well. However, it is noteworthy that the difference in the
achieved pathogen reductions between the two different treatment distances decreased
with longer CAP exposure times. This phenomenon could be attributed to the higher
accumulation of reactive species due to longer CAP exposure.

Spatiotemporal studies have shown that plasma reactive species (e.g., NO•, OH•)
can be transported several millimeters beyond the plasma source during treatment [36,37].
However, the distance from the plasma source can affect the antimicrobial effectiveness
due to changes in the mass transport of the different reactive species from the discharge
layer to the target surface. Comparably to this study, Katsigiannis et al. and Niemira et al.
reported a negative correlation between the distance from the plasma source and the
inactivation rate on SS inoculation [3,38]. However, Yong et al. achieved an optimum
inactivation at 20 mm of spacing compared to 10 and 30 mm using a pressure plasma jet on
raw chicken breast and a mixture of N2 + O2 as working gas [39]. These differences could
be due to differences in the topography of the surface and the plasma source. In general, a
shorter distance would enhance bacterial inactivation by increasing the concentration of
the reactive species and their contact with the cell wall.

Although, in general, L. monocytogenes appeared to be more resistant to CAP treat-
ment, no significant differences in reduction levels (i.e., p > 0.1) were found between the
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two pathogens used in this study. These findings differ from the results observed by
Lis et al., 2018, where Gram-positive strains such as Klebsiella pneumoniae have shown
more resistance to CAP treatment compared to the Gram-negative Y. enterocolitica [29].
This difference was attributed to the thickness of the outer cell wall, which is thicker in
Gram-positive bacteria. However, other factors such as the shape of bacteria, where rods
are more sensitive than cocci [40], and the type of plasma source [22], could introduce
differences in the susceptibility of bacteria.

3.2. Modeling Inactivation Kinetics

The Weibull model has been proven suitable to describe inactivation curves when
applying CAP [9,35,41] or other non-thermal systems for bacterial inactivation such as
essential oils and high hydrostatic pressure freezing [40,42]. The Weibull model is based
on the response observed on the cellular tolerance to lethal stress on the cells. This allows
the model to represent linear and nonlinear curved survival kinetics with upward and
downward concavity, with or without lag phase [40]. Moreover, a modified Weibull with a
tail model was proposed by Albert and Mafart (2005), which has the advantage of fitting
the most typical survivor curves and considers a new parameter, Nres, when the tail is
assumed [28]. The survival curves in our results showed that the inactivation rate slowed
down between 240 and 300 s, indicating a tail shape (i.e., p > 0.1). Hence, the Weibull and
Weibull + tail models were compared for best fit.

According to the parameters of the goodness of fit in Table 2, both models showed
similar accuracy. However, the values of the RMSE estimated for Weibull + tail were slightly
smaller than those of the Weibull model. Furthermore, the R2 values were slightly higher
for Weibull + tail indicating higher accuracy. More recent studies have reported a better
fit using a Weibull + tail model when a corona discharge plasma jet (CDPJ) device was
used against E. coli, S. Typhimurium, and S. aureus inoculated on slide glasses obtaining
RMSE values < 0.1 and R2 values > 0.98 [43]. Thus, we selected the Weibull + tail model as
it showed better goodness of fit.

Table 2. Goodness of fit (RMSE and R2) for the Weibull and Weibull + tail inactivation curves.

Bacteria Distance (mm) Cleanliness
Weibull Weibull + Tail

RMSE R2 RMSE R2

Listeria 10 Clean 0.28 0.95 0.27 0.96
10 Protein-soiled 0.20 0.96 0.20 0.96
20 Clean 0.29 0.94 0.29 0.94
20 Protein-soiled 0.30 0.89 0.31 0.89

Salmonella 10 Clean 0.29 0.95 0.27 0.96
10 Protein-soiled 0.24 0.94 0.24 0.94
20 Clean 0.28 0.95 0.29 0.95
20 Protein-soiled 0.27 0.90 0.27 0.90

RMSE—root mean square error.

It is important to note that the δ parameter of the Weibull + tail model is close to the
D value used in the log-linear inactivation curve for thermal sterilization [28]. Therefore,
lower δ values indicate higher inactivation efficiency during the first minutes. According
to Table 3, the lowest δ indicates that clean SS at a distance of 10 mm was the most efficient
condition for inactivation with a similar response for both strains, 33.29 and 32.48 s, whereas
the protein-soiled SS coupons showed higher δ values (75.57 and 82.88 s) for L. monocytogenes
and Salmonella, respectively. This is 30–40 s of longer plasma exposure to achieve the first
log reduction for the protein-soiled SS coupons, indicating that due to the protective effect
protein has on the bacterial cells, a longer CP treatment time is needed to reach similar log
reduction levels. Similar δ values (13.96–48.84) were reported for S. Typhimurium using a
CDPJ with different levels of relative humidity% (RH%; 41–62%), achieving the lowest value
when RH% = 51% [43]. Moreover, Kilonzo-Nthenge et al. reported δ values of 12.73, 22, 12.26,
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and 46.7 s for S. Typhimurium, S. Choleraesuis, E. coli ATCC 25922, and E. coli ATCC 11775,
respectively, using a high-voltage DBD plasma on apples [9]. The authors used a Weibull
model, which does not consider a residual concentration of cells (Nres), and the δ values were
generally lower than those predicted by the Weibull + tail model [9]. However, previous
studies employing the Weibull model using a high-voltage output Argon/O2 (98:2) plasma
jet device reported δ values of 2.266–2.447 min for L. monocytogenes [41]. Another study using
a high-voltage DBD against a multiple antibiotic-resistant strain of S. aureus showed δ values
of 2.9, 1.98, and 0.95 min at 8, 6, and 4 mm of distance, respectively, also employing a Weibull
model [35]. Since the antimicrobial efficiency of cold plasma is greatly influenced by the
cleanliness of the treated surfaces, it is suggested that a cleaning stage should be applied prior
to cold plasma treatment.

Table 3. Comparison between Weibull and Weibull + tail model parameters and predicted log reduction achieved during
the study period (300 s).

Weibull Weibull + Tail

Bacteria Distance
(mm) Cleanliness δ ± SE p ± SE

Predicted
Log

Reduction
(300 s)

δ ± SE p ± SE Nres ± SE
Predicted

Log
Reduction

(300 s)

L. monocytogenes
10 Clean 23.14 ± 5.47 0.52 ± 0.05 3.77 33.29 ± 6.61 0.67 ± 0.08 2.38 ± 0.15 3.61
10 Protein-soiled 70.31 ± 9.02 0.71 ± 0.06 2.82 75.57 ± 9.1 0.82 ± 0.1 3.32 ± 0.26 2.74
20 Clean 69.4 ± 10.38 0.85 ± 0.08 3.45 78.78 ± 11.16 0.99 ± 0.13 2.4 ± 0.29 3.34
20 Protein-soiled 122.47 ± 16.44 1.06 ± 0.14 2.59 127.93 ± 15.97 1.23 ± 0.25 3.39 ± 0.45 2.52

Salmonella

10 Clean 20.49 ± 5.34 0.49 ± 0.05 3.73 32.48 ± 6.45 0.68 ± 0.05 2.22 ± 0.12 3.55
10 Protein-soiled 73.42 ± 11.14 0.73 ± 0.07 2.81 82.88 ± 10.63 0.92 ± 0.13 3.16 ± 0.2 2.69
20 Clean 55.69 ± 8.82 0.77 ± 0.07 3.63 61.2 ± 10.02 0.84 ± 0.11 2.04 ± 0.47 3.57
20 Protein-soiled 104.23 ± 15.68 0.83 ± 0.1 2.41 109.41 ± 15.15 0.95 ± 0.19 3.36 ± 0.54 2.36

Figures 2 and 3 for L. monocytogenes and Salmonella, respectively, showed a concave
shape (p < 1) with the 10 mm distance indicating a quick inactivation rate during the
first minutes, which slows down as time progresses, forming a tail shape after 240 s.
The experiments carried out at a 20 mm distance showed less pronounced antimicrobial
efficiency compared to 10 mm. Interestingly, for most of the conditions at 20 mm, there
is a stepwise log decrease from 180 to 240 s. We hypothesize that this effect implies an
accumulation of critical concentrations of reactive compounds necessary to kill a more
resistant subpopulation.

Moreover, the p-value that correlates with the scale and shape of the survival curve is
similar in both models. In nearly all cases, p is <1, indicating a concave upward survival
curve, except for L. monocytogenes at 20 mm with protein-soiled surfaces where p > 1,
showing a concave downward curve shape in Figure 2b. The inactivation curve models
clearly show a difference in the CAP antimicrobial effectiveness between the clean and
the protein-soiled SS surface, indicating a protective effect of BSA. This is closer to real
conditions in the food industry where the surfaces can be soiled with residual protein
pertaining to foodstuff [3]. It is important to note that the inactivation was tested on dried
cells, and biofilms were not allowed to form. This would add an extra protective barrier
to the cells, which was not investigated as it was beyond the aim of this study. Previous
studies have shown other CAP systems’ capabilities, such as DBD, to inactivate bacterial
biofilms [38,44]. Further research is needed to assess the effectiveness of the piezoelectric
CAP on biofilms.

The predicted log reductions in both models were similar to the experimental values
obtained after CAP treatment. A different study using a surface barrier discharge (SBD)
configuration of a DBD plasma cold plasma device achieved a >3.55 and 2.06 log CFU/mL
reduction of Listeria monocytogenes and Salmonella Typhimurium, respectively, at 5 mm
distance within 3 min [3]. In addition, Kim et al. reported a reduction of 3.65 log for
S. Typhimurium inoculated on glass slides after 300 s exposure time using a high-voltage
CDPJ device that used air as inducer gas at 51% relative humidity [43]. These results
are similar to those achieved with the studied low-voltage CAP device; however, since a



Appl. Sci. 2021, 11, 3567 9 of 11

high-voltage power supply is not required, it could facilitate scaling up and adoption by
the food industry.
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4. Conclusions

The aim of this study was to determine the antimicrobial efficiency of an easy-to-
use, low-voltage piezoelectric cold plasma using ambient air as an inducer gas against
foodborne pathogens inoculated on stainless-steel surfaces. Results showed that this
technology was able to achieve a high reduction for L. monocytogenes and Salmonella in a
matter of minutes. Results also showed that the exposure time to cold plasma, the distance
from the plasma source, and surface cleanliness significantly influence the antimicrobial
efficiency of the treatment. The Weibull + tail model showed higher accuracy in estimating
the log reduction achieved during the treatment timeframe studied. Thus, this study
demonstrated that a low-voltage CAP source that uses environmentally friendly ambient
air could potentially be introduced in highly automated food-processing environments for
decontaminating stainless-steel surfaces as means of controlling foodborne pathogens and
minimizing cross-contamination. Although this study focused on L. monocytogenes and
Salmonella, other Gram-negative and Gram-positive pathogens could be inactivated using
this technology; however, further studies are needed to conclusively state this. In addition,
further work against food spoilage microorganisms, other types of food contact surfaces,
and the potential influence of different relative humidity values on the antimicrobial
efficiency of this technology is needed to fully elucidate the efficiency and suitability of
this technology in the food-processing environment.
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