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Abstract: The development of approaches for the non-thermal sterilization of instruments is an
urgent task to ensure the safety of meat industry products, where the use of hot water leads to the
formation of condensates and a deterioration in the hygienic condition of the premises. In this study,
an installation for sterilizing knives was created, which works by activating aqueous salt solutions
with a glow discharge. The power consumption of the installation reactor is only 125–150 Wh. The
temperature rise of the sterilizing agent used is about 1.1 ± 0.2 ◦C/min/L. The effectiveness of
the installation for plasma-activation of aqueous solutions of chloride and sodium sulfate by glow
discharge (PAW) in relation to the inactivation of microorganisms, including Staphylococcus aureus,
Salmonella typhimurium, Pseudomonas gessardii and L. monocytogenes, on steel surfaces was evaluated.
Samples of stainless steel (parts of knives) were used in two versions (new and artificially aged).
Mono- and polyspecies bacterial biofilms were grown on the surface of the samples. The treatment
was carried out by immersing samples of steel plates in plasma-activated aqueous solutions. It was
found that the treatment of plates in a knife sterilizer for 1 min had an effective effect on the inhibition
of all types of studied bacteria.

Keywords: plasma-activated aqueous solution; glow discharge plasma; ROS; biofilms; bacterial
inactivation; metal surfaces; cutting tools; antimicrobial treatment

1. Introduction

The procedure for disinfecting cutting tools at meat industry enterprises is a necessary
measure aimed at preventing cross-contamination of meat raw materials with spoilage
microorganisms, as well as pathogenic microorganisms [1]. Of paramount importance is
the observance of sanitary and hygienic measures at the stage of slaughter and primary
processing of animals. It is known that the gastrointestinal tract and the skin of slaughtered
animals are sources of pathogenic microorganisms, such as Escherichia coli and Salmonella
typhimurium, which pose a potential threat to human health [2–5]. Knives that come into
contact with animal hide are known to have much higher levels of Salmonella typhimurium
when compared to knives used in other operations for butchering beef carcasses [6]. With
insufficient sanitary and hygienic treatment of instruments, microorganisms can attach
to their surface and form stable biofilms [7], representing a serious problem for the meat
industry. Much attention is paid to the study of biofilm formation by such pathogens as
L.monocytogenes, Staphylococcus aureus, and Salmonella typhimurium [8–10]. Timely preven-
tive measures aimed at cleaning and disinfecting working tools, in particular knives, are a
key factor in determining the safety of meat and meat products.
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Among the existing methods of sterilization, the method of immersing knives in a
container with hot water (sterilizer) is the most widely used in the meat industry [11].
As a rule, in large enterprises, the “two knives” rule is applied, where one knife is used
by the operator and the other is in the sterilizer. According to the requirements of EU
regulation 853/2004, the water temperature must be at least 82 ◦C without any indication
of exposure time [12]. However, in some studies it was noted that a short-term exposure to
a temperature of 82 ◦C for 1–5 s did not have the proper effect on reducing the number of
microbial populations on the surface of knives [13–15].

Along with hot water sterilization, alternative procedures with optimized time and
temperature parameters can be used if their effectiveness has been proven [11,14]. It is
known that the result of sterilization strongly depends on the amount of protein and fat
on the surfaces of knives [16]. In this regard, in order to achieve the optimal disinfection
of contaminated surfaces, it is necessary to carry out cleaning before sterilization, which
consists of the mechanical removal of contaminants using warm running water with a
temperature of 20–40 ◦C [14]. Thus, sterilization of pre-cleaned knives contributed to the
complete elimination of microbial contamination on stainless steel plates in 1 s. At the
same time, the microbiological indicators of surfaces with a high degree of protein and fat
contamination, after immersion in hot water for 10 s, were not satisfactory [16].

The main disadvantages of sterilizing knives with hot water are increased wear of
the cutting blades, high energy consumption and condensation of water vapor on the
cold surfaces of structures and equipment in work areas. In turn, wetting surfaces due to
steam condensation increases microbiological risks in enterprises that seek to reduce the
air temperature in industrial premises. It is known that high humidity at relatively low
temperatures promotes the survival of microorganisms and the formation of biofilms by
them on various surfaces, including metal ones.

In this regard, in the meat industry, there is interest in various non-thermal methods
of knife disinfection, for example, using chemical and physical factors of influence [17], as
well as their combined use. Several papers have been published to determine the effect
of disinfectants on the inhibition of various pathogens. For example, the effectiveness of
various concentrations of biguanide and peracetic acid against E. coli on the surface of meat
deboning knives was evaluated [18]. Other authors have studied various combinations
of time and temperature of disinfection in combination with chemical (lactic acid) and
physical (heat, ultrasound) factors [19]. Also, as an alternative non-thermal method of
knife disinfection, the use of ultraviolet radiation (UV) in relation to the inhibition of
E. coli and S. aureus was proposed, the effectiveness of which depended on the presence
of surface contaminants such as blood or fat [20]. The use of electrolysis-activated water
(EW) has been proposed, which has shown effective antimicrobial activity against a wide
range of microorganisms, including pathogens such as Salmonella typhimurium, E. coli and
Yersinia [21,22]. It has been noted that EW contributes to the inhibition of the most common
types of viruses, bacteria, fungi, and spores in a short period of time within 5–20 s [23].
EW treatment is considered a simple, effective and safe disinfection method that serves
as a good alternative to other more widely used disinfectants [23,24]. The effectiveness
of EW has been evaluated on various surfaces, including stainless steel [25]. The authors
reported that the disinfection of knives used for slaughtering animals can be achieved by a
combination of treatment with alkaline (5 min) and slightly acidic water (10 min) and with
sonication. This combination also makes it possible to remove all organic residues without
changing the structure of the knife blades [17]. The disadvantage of the EW method is the
need to use rather bulky electrolyzers, as well as vessels for storing activated water. At the
same time, there are commercially successful solutions on the market [25].

In general, according to our survey of enterprises, the “ideal sterilizer” should meet
the following conditions:

– be economical, both in terms of the amount of electricity consumed and the amount of
water used;
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– the time for the sterilization cycle (excluding the time of loading the instrument)
should be no more than one minute;

– the reagents used must be commercially available, of low cost, chemically safe and
harmless in the conditions of meat production;

– the temperature of the sterilizing agent used should not exceed the ambient tempera-
ture in the working room without the use of special cooling devices.

In this regard, we have tried to create a knife sterilizer with characteristics close to
the “ideal sterilizer”. We used a compact reactor that treats an aqueous solution with
a glow discharge plasma. The processing time is from 1 min. The power consumption
of the reactor in stationary mode is up to 150 Wh. Water and any dissociating salt are
required as chemical reagents. The temperature rise of the sterilizing agent used is about
1.1 ± 0.2 ◦C/min/L.

2. Instrumentation
Knife Sterilizer Device

In experiments, an aqueous solution of common salt (NaCl) with a concentration of
1% was used as a medium that is suitable for the ignition and combustion of an underwater
glow discharge. In a number of experiments, other salts were used, for example, sodium
sulfate (Na2SO4). A schematic diagram of an experimental reactor designed for plasma–
chemical activation of weak aqueous solutions of strong electrolytes is shown in Figure 1.

Figure 1. Schematic diagram of the reactor for obtaining and spraying the activated solution. Tank
with electrolyte solution—1, plasma-chemical reactor—2, active electrode—3, passive electrode—4,
glow discharge plasma—5, valves of the electrolyte-filling channel—6, adjustable high-frequency
current generator—7, nozzle of the activated solution atomizer—8, air compressor—9, activated
solution in water mist—10.

To activate water, a reactor was used, in which two activation methods were implemented—
plasma–chemical and electrochemical. The original electrolyte solution is in tank 1 under a
slight overpressure of about 0.1 atm. Activation was carried out in a reactor with a volume of
1000 cm3. In the plasma-chemical reactor 2 there is an active electrode 3, on which an underwater
glow discharge 5 burns. The active electrode is made of stainless steel and has the shape of
a cylinder with a diameter of 0.5 mm and a length of 20 mm. The reactor was powered by a
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current generator with an operating frequency of 440 kHz. In the plasma discharge ignition
mode, the current was about 5 A. In the standard combustion mode, it was about 0.5 A. The main
components of the plasma-forming gas are water vapor and its decomposition products [26,27].
Plasma–chemical reactions take place in the volume of the plasma-forming gas. The electrodes
for the plasma–chemical part of the reactor are a metal active electrode (cathode) and a plasma–
electrolyte interface (electrolyte anode).

The second—the electrochemical part—of the reactor 4 contains a passive (graphite)
electrode 5 made of pyrolytic graphite and having an area of about 8 cm2. The passive
electrode is the anode of the electrochemical part of the reactor. The cathode of the electro-
chemical part of the reactor is the plasma–electrolyte interface. The electrodes are connected
to a specially designed high-frequency generator 7 operating at a frequency of 440 kHz.
The operating voltage on the electrodes was maintained in the range (250 ÷ 350) V. At the
same time, the power consumed from the generator could reach 1.2–1.5 kW for a short
time (at the time of plasma ignition), which was sufficient for the formation of a vapor–gas
bubble on the active electrode and ignition in the vapor phase of a glow discharge. The
power consumption of the reactor in stationary mode is up to 150 Wh.

The oscillogram of the current flowing through the reactor is shown in Figure 2. It can
be seen from the oscillogram that the current in the negative half-cycle (cathode polarity)
greatly exceeds the current in the positive half-cycle (anodic polarity), which is practically
close to zero. This leads to the fact that the current flowing through the reactor has a
constant component, which causes the occurrence of electrochemical processes on the
passive electrode (anode) of the electrolyte part of the reactor. Polyethylene terephthalate
was used as the structural material of the reactor.

Figure 2. Oscillograms of voltage (yellow curve) at the input of the reactor and current (red curve)
flowing through the reactor.

3. Materials and Methods
3.1. Bacterial Strains and Conditions for Their Cultivation

The material for research was microbial isolates isolated from the production environ-
ment of meat industry enterprises. Bacterial cultures were obtained from the laboratory
of microbiology of the V.M. Gorbatov Federal Research Center for Food Systems: Staphy-
lococcus aureus, Salmonella typhimurium, Pseudomonas gessardii, and Listeria monocytogenes.
Microorganisms were grown (1) on liquid and solid (1.5%) Luria-Bertani (LB) medium,
using standard dry nutrient media manufactured by Difco (USA) or (2) in tryptone soy
broth (TSB), Panreac, Spain.

3.2. Preparation and Inoculation of Steel Plates

The blades of steel knives used for butchering animal carcasses were cut into identical
plates 1 cm × 1 cm in size. Some of the steel plates were electrochemically treated to
simulate the aging and wear of steel. It is assumed that the attachment of samples and
the formation of biofilms depend on the microrelief of the surface of the plates. New
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and aged plates were used in experiments to create biofilms on their surface, 5 pieces per
experimental point.

3.3. Attachment and Biofilm Formation

To grow bacterial biofilms, an overnight broth culture of bacteria was diluted 100 times
in fresh sterile broth, and transferred to a sterile dish (Petri dish or microtiter plate for
12 wells) with sterile plates. After 18–24 h of incubation in a thermostat at 30 ◦C, a biofilm
formed on the surface of the steel plates. The formed biofilms were not washed or fixed.

3.4. Assessment of Cell Viability in Biofilms by Fluorescence Microscopy

For microscopy with a fluorescent lens, the studied biofilm samples were stained with
a fluorescent Filmtracer Live/Dead Biofilm Viability Kit. All procedures were performed
in accordance with the manufacturer’s recommendations. A Nikon Eclipse Ni direct
fluorescence microscope with a Nikon DS-Fi3 camera was used. Figure 3 shows examples
of fluorescent images of a completely non-viable biofilm (a), a biofilm with foci of surviving
microorganisms (b) and a completely viable biofilm (c).

Figure 3. Fluorescent images: (a) A completely non-viable biofilm; (b) A biofilm with foci of surviving
microorganisms; (c) A completely viable biofilm.

3.5. Enumeration of Attached and Planktonic Microorganisms

After the experiment, the studied samples of steel plates was placed in test tubes with
a physiological raster and shaken vigorously for 10 min. Then the resulting wash was
titrated and the number of CFU/mL was determined. Samples of bacterial biofilms not
treated with plasma water served as controls.

3.6. Physico-Chemical Tests

Redox potential, pH and electrical conductivity were measured using a high-precision
measuring station S470 SevenEx Cellence (Mettler Toledo, Columbus, OH, USA). Sensor
electrodes recommended by the manufacturer InLab Expert Pro-ISM and InLab731-ISM
(Mettler Toledo) were used. Using a magnetic stirrer, all aqueous solutions were mixed
during measurements in a laminar mode (frequency about 3 Hz). The details of experi-
mental measurements were described earlier [28]. The concentration of molecular oxygen
dissolved in aqueous solutions was recorded using an AKPM-1-02 polarograph (Bioanalyti-
cal Systems and Sensors, Moscow, Russia) [29]. The measurements took into account the
atmospheric pressure measured by the PRX-7001t instrument (Casio, Tokyo, Japan) and the
temperature of the samples measured with a temperature compensator. The concentration
of nitrate anions was determined using a LAQUAtwin B-741 (Horiba, Tokyo, Japan) nitrate
meter. The content of free chlorine in solutions was measured using a 2793944 kit (Hach,
Loveland, CO, USA). Details of experimental measurements were described earlier [30].
For the quantitative determination of hydrogen peroxide in aqueous solutions, a highly
sensitive method of enhanced chemiluminescence in luminol-4-iodophenol-horseradish
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peroxidase was used [31]. Luminescence intensity was determined on a Biotox-7A chemi-
luminometer (ANO Ecology, Moscow, Russia). Hydrogen peroxide solutions of known
concentration were used for calibration. The details of experimental measurements were
described earlier [32].

4. Results and Discussion

The effect of glow discharge plasma on the physicochemical parameters of aqueous
solutions is presented in Table 1. A change in the physicochemical parameters of water
occurred within 40–50 min of treatment. With further processing, the rate of change in the
parameters decreased significantly or, as in the case of hydrogen peroxide, ceased to change,
reaching a stationary value of the order of 10−2 M (Figure 4). At the same time, free chlorine
was intensively farmed only for 10 min. At a long processing times, the concentration of
free chlorine became stationary.

Table 1. Changes in the physicochemical parameters of aqueous solutions after exposure to glow
discharge plasma for 10 min.

Measured Parameters

EC,
mS/cm O2, mg/L pH Redox, mV NO3− , mM H2O2, mM Free-Chlorine,

mM

Control (NaCl) 7.1 6.5 6.7 300
PAW (NaCl) 11.3 6.4 7.4 520 5.5 0.8 0.08

Control (Na2SO4) 6.8 6.5 6.7 320
PAW (Na2SO4) 10.5 6.3 7.2 480 5.8 1.7

EC—Electrical conductivity.

Figure 4. (a) Influence of time of exposure to glowing plasma on the formation of hydrogen peroxide;
(b) Influence of time of exposure to glowing plasma on the formation of free chlorine.

During the glow discharge treatment, the electrical conductivity of the solution in-
creased almost linearly. The rate of increase in the specific electrical conductivity of the
solution was 400–450 µS/cm/min. At the same time, the concentration of molecular oxy-
gen dissolved in water tended to decrease. In addition, the pH of the solution changed
during the activation process. During the first 10 min of treatment, the pH increased
by 0.5–0.7 units. For 20 min of treatment, the pH value increased by almost one. With
further activation for 40 min, the pH value changed by only 1.5 units. Similar changes were
observed in the values of the redox potential. During the first 10 min of treatment, the
potential increased by almost 200 mV. In post-processing, it was observed that the increase
was much slower. Upon activation, nitrate anions accumulated in aqueous solutions. It
is shown that the increase in the concentration of nitrate anions linearly depends on the
treatment time. It should be noted that, unlike other studied parameters, the concentration
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of nitrate anions continued to increase after 50 min of exposure and even after 2 h. No
nitrate generation was observed during the experiments in an atmosphere of inert argon
gas. Hydrogen peroxide was formed in the medium with NaCl two times less intensively
than in the medium with sodium sulfate. In this case, the formation of free chlorine was
observed in a medium with sodium chloride.

It should be noted that the concentration of sodium chloride has a significant effect
on the generation of hydrogen peroxide and free chlorine (Figure 5). It is shown that with
an increase in the concentration of sodium chloride, the generation of hydrogen peroxide
increased non-linearly. With an increase in the concentration of sodium chloride, the rate
of formation of hydrogen peroxide decreased. Conversely, the free chlorine concentration
increased linearly with increasing sodium chloride concentration. Interestingly, the concen-
tration of hydrogen peroxide, in contrast to the concentration of free chlorine, decreased by
half in more than one week. On the basis of the obtained results, activated solutions con-
taining the maximum amount of active substances were used in further studies (treatment
time 10 min).

Figure 5. Influence of sodium chloride concentration on generation of hydrogen peroxide (a) and
free chlorine (b) by smoldering plasma.

The process of decomposition of water vapor in the plasma–chemical reactor 2, op-
erating in the mode of high-frequency glow discharge, apparently occurred as follows.
Energy from an electron gas with a temperature of about 1–5 eV is transferred to water
molecules through two alternative channels. As a result of both reactions, atomic hydrogen,
hydroxyl radical, hydrogen peroxide and other ROS should be formed. Hydrogen peroxide
is the only stable ROS molecule. As shown in Figure 4, hydrogen peroxide is capable of
accumulating in the reactor.

In the electrolyte part of the reactor 3 at the anode, the process of plasma electrolysis of
the NaCl solution with the release of chlorine atoms is likely. Probably, plasma electrolysis
of water also occurs with the release of molecular oxygen and molecular hydrogen. This
should result in the formation of sodium hypochlorite NaOCl [33]. The latter is due to the
fact that, as shown by the measurements, the overvoltage at the anode has a value of more
than 1.5 V. In this case, the current density at the anode was chosen such that the chlorine
evolution potentials are slightly less than for oxygen. The change in the current density at
the anode was carried out by choosing its area, and in our case it was about 1000 A/m2.
Sodium hypochlorite in aqueous solutions is largely dissonant with the formation of ClO−

ions, which are capable of further anodic oxidation with the formation of the chlorate ion
ClO3

− and further of the formation of the perchlorate ion ClO4−. In addition, hypochloride
must interact with hydrogen peroxide [34]: H2O2 + 4NaOCl→ 2NaCl + 2NaOH + Cl2 +
1O2. As a result of the reaction, molecular chlorine and oxygen in the singlet state (1O2)
are formed, and the concentration of hydrogen peroxide in the electrolyte decreases. This
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explains the different rates of hydrogen peroxide generation in an aqueous solution of
sulfate and sodium chloride (Figure 4).

The effect of plasma–activated aqueous solutions (PAW) on planktonic (free-floating)
cells of bacteria Staphylococcus aureus, Salmonella typhimurium, Pseudomonas gessardii and
L. monocytogenes was studied. To do this, a bacterial culture (107 CFU/mL) in a volume
of 100 µL was introduced into freshly prepared and prepared in advance (several days)
“plasma water” in a volume of 1 mL. The exposure time was 1 and 10 min. After exposure,
the suspension was titrated and sown on a solid nutrient medium to determine CFU/mL.
Sterile distilled water served as the control of the experiment. The results are presented in
Table 2.

Table 2. Influence of plasma-activated aqueous solution based on sodium chloride on the viability of
pathogenic microorganisms.

Strains

Total Number of Viable Culture Cells, CFU/mL

Control PAW PAW (24 h)

Exposure Time 1 min

Staphylococcus aureus 7 × 106 <1 5 × 106

Salmonella typhimurium 2 × 106 <1 2 × 106

Pseudomonas gessardii 5 × 106 <1 3 × 106

L. monocytogenes 1 × 106 <1 1 × 106

Exposure Time 10 min

Staphylococcus aureus 7 × 106 <1 3 × 106

Salmonella typhimurium 2 × 106 <1 2 × 106

Pseudomonas gessardii 5 × 106 <1 2 × 106

L. monocytogenes 1 × 106 <1 1 × 106

<1 CFU/mL—limit of sensitivity; PAW—plasma-activated aqueous solution.

Experiments have shown that freshly prepared PAW exhibits high antibacterial activity.
The number of planktonic cells of pathogenic microorganisms decreased by six orders of
magnitude, when compared with the control, which indicates effective sterilization. At
the same time, PAW prepared a day before the experiment practically did not show its
antibacterial properties. It is important that for complete sterilization of the surface it is
not necessary to treat the aqueous solution for 10 min. When the treatment time of the
aqueous solution is 1 min, complete sterilization was also observed. At the same time, the
solution became inactive for less than 24 h, but it remains unclear as to how long PAW
activity persists. It should be noted that other methods for controlling the number of
microorganisms are described in the literature [35,36].

To study the time during which PAW remains active, bacterial cultures of the genera
Pseudomonas gessardii and Staphylococcus aureus were prepared. Microorganisms were grown
in liquid LB nutrient medium in a thermostat at 37 ◦C for 18 h. Further, by the method of
tenfold titrations, bacterial broth cultures were prepared in a titer of 107 CFU/mL. Freshly
prepared “plasma water” was poured into sterile tubes of 1 mL. Then, at different time
intervals from 5 min to 18 h, bacterial cultures were introduced into the tubes with PAW
and incubated for 1 h. 1 mL of saline was added to the control tube instead of PAW. Further,
the suspensions from the test tubes were sown on solid nutrient media to determine the
number of live bacteria per unit volume of the suspension (CFU/mL). The results obtained
are presented in Table 3. The results obtained show that the antimicrobial properties of the
plasma-treated aqueous solutions were maintained for 2 h.
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Table 3. Antibacterial activity of a plasma-activated aqueous solution at various time intervals after
manufacture.

Total Number of Viable Culture Cells, CFU/mL

Strains Time between PAW Preparation and Use

Control 5 min 30 min 1 h 2 h 3 h 18 h

Pseudomonas gessardii 7 × 106 <1 <1 <1 12 3 × 105 3 × 106

Staphylococcus aureus 4 × 106 <1 <1 <1 3 5 × 103 2 × 106

<1 CFU/mL—limit of sensitivity; PAW—plasma-activated aqueous solution.

Thus, the duration of storage of plasma-activated aqueous solutions has been estab-
lished. This raises the question of whether PAW can be diluted with untreated water. Will
such diluted water retain its antibacterial properties? To clarify the answer to this ques-
tion, freshly prepared PAW was diluted in sterile saline (NaCl 0.9%) by 3, 9 and 27 times.
The resulting suspensions were transferred into sterile 1 mL test tubes. Next, bacterial
cultures were added to each tube. In control samples, sterile saline was added to the
bacterial culture. After 1 h of inoculation, the microorganisms were sown on dense nutrient
media to determine the number of living cells per unit volume of the suspension. The
results obtained are presented in Table 4. The results obtained show that plasma water
has pronounced antimicrobial properties and these properties are fully preserved after a
threefold dilution. When diluted nine or more times, the level of antimicrobial properties
significantly reduced.

Table 4. Antibacterial activity of an aqueous solution activated by plasma when diluted with saline
solutions by 3, 9 and 27 times.

Strains

Total Number of Viable Culture Cells, CFU/mL

Control
PAW Dilution Ratio

×1 ×3 ×9 ×27

Pseudomonas gessardii 6 × 106 <1 2 4 × 105 3 × 106

Staphylococcus aureus 4 × 106 <1 <1 5 × 103 2 × 106

<1 CFU/mL—limit of sensitivity; PAW—plasma-activated aqueous solution.

It is known that a large number of microorganisms enter the production environment
in the process of slaughter, primary processing of animals and meat processing. As a
result, air, floors, equipment and tools, as well as working personnel become sources
of pollution. Bacterial biofilms can develop on surfaces. At the same time, microbial
contamination of one steel knife can reach up to 107 CFU. It is known that bacterial biofilms
do not develop equally successfully on different types of surfaces. We assumed that the
development of bacterial films on new and old knives can occur in different ways. To test
this assumption, part of the steel plates from the knife steel underwent electrochemical
treatment that simulates the aging and wear of steel. Next, bacterial biofilms were grown
on “new” and “aged” steel plates for 24 h. Before microscopy, the plates were washed
three times with sterile distilled water, excess moisture was removed with lint-free paper,
and stained with SYTO 9 fluorescent dye. The degree of biofilm formation was assessed
using fluorescent microscopy. The results are presented in Figure 6. It has been shown
that microorganisms form a confluent biofilm on the surface of steel plates during the day.
At the same time, the formation of biofilms on new and aged steel plates did not differ
significantly. In this regard, in order to exclude additional labor costs, only new steel plates
were used in further studies.
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Figure 6. Formation of biofilms by Pseudomonas aeruginosa bacteria on the surface of: (a) new; (b) aged
steel plates. Multiplicity of magnification ×10.

To study the effect of PAW on mono- and polyspecies biofilms of food pathogens,
Staphylococcus aureus, Salmonella typhimurium, Pseudomonas gessardii and L. monocytogenes
were grown on steel plates for 48 h. The biofilms obtained on the plates were immersed in
freshly prepared PAW for 1 min. Control samples were immersed in sterile water. Next,
the plates were placed in test tubes with saline and vigorously shaken for 30 min. The
resulting suspension was titrated and sown on a solid nutrient medium to determine CFU.
The results of the conducted studies are shown in Table 5.

Table 5. Effect of plasma-activated aqueous solutions on the survival of foodborne pathogens in
bacterial biofilms.

Biofilm-Forming Strains
Total Number of Viable Culture Cells, CFU/mL

Control PAW PAW (24 h)

Staphylococcus aureus 5 × 107 <1 1 × 107

Salmonella typhimurium 3 × 107 <1 7 × 107

Pseudomonas gessardii 2 × 108 <1 4 × 108

L.monocytogenes 5 × 107 <1 2 × 107

Pseudomonas gessardii + Salmonella typhimurium 8 × 108 <1 1 × 108

L.monocytogenes + Salmonella typhimurium 6 × 108 <1 6 × 108

<1 CFU/mL—limit of sensitivity; PAW—plasma-activated aqueous solution.

Research results have shown that freshly prepared PAW has pronounced antimicrobial
and antibiofilm properties. At the same time, its antimicrobial effect is the same not only for
Gram-positive and Gram-negative bacteria, but also for mono- and multi-species biofilms.
PAW prepared in 24 h does not have significant antimicrobial properties against mono- and
multi-species biofilms.

To obtain PAW using glow discharge plasma, the designed reactor has an active elec-
trode 3; this electrode can be made of various metals. The dependence of the antibacterial
properties of PAW on the electrode material was studied. For these studies, we used stain-
less steel, platinum (Pt) and silver (Ag) metal electrodes. The design of the experiments
was similar to that described above. The antimicrobial effects of PAW have been studied
in Listeria monocytogenes biofilms. The research results are shown in Table 6. It has been
established that the antibacterial properties of plasma-activated aqueous solutions do not
largely depend on the chemical composition of the material used to manufacture the active
electrode. It was shown that at the exposure time of 1 min to plasma-activated aqueous
solutions on biofilms, the sterilization of samples was observed.
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Table 6. Influence of the material of the active electrode of the reactor on the antibacterial properties
of plasma-activated aqueous solutions against bacterial biofilms of Listeria monocytogenes.

Active Electrode Material
Total Number of Viable Culture Cells, CFU/mL

Control PAW PAW (24 h)

Stainless steel 5 × 107 <1 5 × 107

Platinum 5 × 107 <1 2 × 107

Silver 5 × 107 <1 8 × 106

<1 CFU/mL—limit of sensitivity; PAW—plasma-activated aqueous solution.

5. Conclusions

Thus, the knife sterilizer for the food industry was created. The sterilizer is based on
a reactor that creates plasma in aqueous salt solutions due to a glow discharge, while a
plasma-activated aqueous solution (PAW) is formed in the reactor. Studies have shown
that PAW has a pronounced antibacterial and antibiofilm activity. The use of the reactor
developed by us can become a promising alternative to traditional methods of cleaning and
sterilizing knives used at various stages of the technological process of meat processing.
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