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ABSTRACT

This study assessed the impact of the electrochemically activated aqueous solutions (ECA AS) on the growth and formation
of the biofilm of lactic acid bacteria (LAB). The effectiveness of biocides produced by the unipolar electrochemical
activation of aqueous solutions of sodium chloride was studied. It was found that sequential treatment of the biofilm with
catholyte and anolyte (fractions ECA AS) lead to the most pronounced decrease in the growth rate and density of bacteria.
The results obtained demonstrate antibacterial efficacy and the possibility of using ECA AS for the prevention and
disinfection of aquatic systems, for example, at the enterprises of the agro-industry and the food industry.
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INTRODUCTION

The close attention paid to biofilms is due to the prevalence of this form of microbial symbiosis both in the
natural environment and in industrial systems [1, 2]. Most microorganisms exist in the composition of the
biofilm and only about 10% in planktonic form [3, 4]. Biofilms are usually formed on a solid substrate, and
represent a community of microorganisms of different species. The structure of the biofilm and the
physicochemical properties of its matrix protect microorganisms from the influence of external aggressive
factors (pH, presence of reactive oxygen species and mechanical effect of the flow, disinfecting procedures),
ensuring aggressive population of new ecological niches.

Environmental factors and the properties of the cells affect the process of biofilm formation. The most important
environmental factors are pH, salinity, temperature, osmolarity, oxygen partial pressure, accessibility to nutrient
sources, surface properties (of both bacteria and substrate) and the force and type of liquid motion relative to
this surface [5-7]. Biofilm cells differ from planktonic cells in gene expression, protein production and
resistance to the immune system and antimicrobial agents [8]. This adaptive response depends on the
surrounding fluid hydrodynamic conditions which will dictate shear forces and mass transference (oxygen,
nutrients, cellular products, etc.). Thus, the biofilm architecture (thickness, porosity, etc.) must be adapted in
order to resist shear forces and allow a better access to nutrients and oxygen.

Biofilms pose a problem for the food industry, contaminating equipment, deteriorating the presentation and
quality of food through bioconversion [5, 6], contaminating food contact surfaces [7-9]. At enterprises with
water processing lines, due to biofouling, there are problems with cleaning and disinfecting the internal surface
of pipelines, and therefore with the quality of incoming water [1, 7-9]. In wastewater treatment technologies
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using membrane filtration, the biofilm that forms on the membrane clogs the filters, reducing their productivity
and efficiency [10]. Biofilm contributes to the development of corrosion of metal surfaces of equipment, and
creates the additional difficulty of cleaning surfaces from various materials with roughness and cracks [11-13].
In many industries of biofilm production, complicating the cleaning of technological lines and reducing the
effectiveness of their disinfection, cause corrosion and damage to production capacity [14]. Bacteria in the
composition of biofilms become more resistant to antibiotics and antimicrobial agents than the cells of the same
species in planktonic form [15, 16]. Increasing resistance requires a significant increase in the concentration of
disinfectant solutions, which leads to an additional environmental burden on the environment, as well as the
higher cost of the final product. Therefore, the development of fundamentally new methods of biofilm removal,
which would be both economical, efficient and environmentally friendly, is urgent. In food processing
technologies, biocides in the form of ECA AS can be an environmentally friendly and effective method of
disinfection [17-19]. ECA AS are classified as safe broad-spectrum disinfectants. Antimicrobial ECA solution
(Anolyte - one of the ECA AS fractions), provides the appearance of active short-lived particles that violate the
vital biological processes of microorganisms of all types and forms (bacteria, viruses, fungi, and spore forms of
microorganisms).

In the last decade, the idea has been discussed in the literature that in the presence of reactive oxygen species
(ROS), the lethality of various antimicrobials increases. Experimental data confirming this hypothesis were
presented in [20, 21]. The electrochemically activated anolyte contains, in addition to hypochlorous acid, small
amounts of metastable impurities of hypochlorite ion, hydrogen peroxide, ozone, and various free radical,
ionized reactive oxygen species [17]. As a result of the effects of the anolyte on the biofilm, in addition to the
direct action of metastable compounds, the electrostatic equilibrium of the biofilm occurs. This ultimately
determines its destruction [22]. In [22], the anolyte is explained by the action of hypochlorous acid on the
membrane of a bacterial cell, which provides an osmotic barrier and transmembrane transport of substances.

Due to their physicochemical metastable state, microbial communities do not develop resistance mechanisms to
this effect. Anolyte, one of the ECA AS fractions, is used for chemical protection of agricultural products and
food industry facilities [23]. Directional saturation of the solution with a complex of metastable chemical
compounds, which are formed during electrochemical activation, belong to the category of "green" technologies
that do not cause damage to the environment.

MATERIALS AND METHODS

The main object of this work was to study the effect of ECA AS on the cellular component in the processing of
biofilms. The experiment was conducted on a biofilm formed by a suspension of microorganisms, which
included a complex of LAB (Table 1) and Escherichia coli (E. coli).

Table 1. Strains of lactic acid microorganisms* and conditions for their cultivation

Lactic acid strains microorganism Optimum growth temperature | Cultivation medium
Lactococcus lactis 28-32°C
Streptococcus thermophilus 40-45°C Cow's milk,
Lactobacillus acidophilus 37-39°C normalized or
Lactobacillus helveticus 40-44°C skimmed
Propionibacterium freudenreichii ssp. shermanii 30-37°C

* - to obtain planktonic form of LAB, water suspension of the freeze-dried starter was used "Evitalia”.

The initial suspension is associated with microorganisms, taking into account the bacterial mass of 4 x 10° CFU
/ cm?3, which is activated by introducing vials of dry ferments in 0.25 | of normalized milk with a temperature of
40 °- 43 ° C. The bacterial culture was diluted with sterilized water to a total volume of 0.75 I, which served as
the initiator of biofilm formation, which was grown at room temperature (23 ° C) on glass coupons in a flow
reactor for 6 days. Samples pre-washed with running water or ECA AS were prepared for microbiological
analysis and light microscopy.

For comparison, the film was treated in a stream of 10% NaOH solution or the ECA AS fraction (Table 2). In
the latter case, an alkaline catholyte was taken that contained 10% NaOH saturated with hydrogen with the
oxidation reduction potential ORP = -600 mV and anolyte (a mixture of chlorine-oxygen and hydroperoxide
oxidants at a concentration of 500 mg / | in equivalent active chlorine). A sample washed with water served as a
control.
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Table 2. The methods of processing the bacterial film formed on the surface of the glass

Sample Treatment time of processing
control (Nel) flow water 1 hour
Sample No2 flow of 10% NaOH solutions 1 hour
Sample Ne3 flow catholyte 1 hour
Sample Ne4 flow catholyte and anolyte 1 hour

RESULTS AND DISCUSSION

The effect of processing parameters (anolyte and catholyte content, exposure time) was evaluated by reducing
the number of microbial colonies (CFU / ¢cm®). The results of microscopic analysis (Fig. 1) revealed marked
differences in the structure of the biofilm of the control and experimental samples.
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Figure 1: Micrographs of a biofilm formed by LAB. Image of the bacterial film: (a) the preparation was washed

with water - control, (b) the preparation was washed with 10% aqueous NaOH solution, (c) the preparation was

washed with catholyte, (d) the preparation was washed successively with catholyte and anolyte (g). The size of
the division deposited on the image corresponds to 10 microns.

It can be seen (Fig. 1a) that ordinary water does not affect the structure of the biofilm. The loosening of the
bacterial film is observed in a stream of 10% NaOH solution (Fig. 1b). As a result of treatment with the
catholyte, the matrix of the biofilm and the partially cellular component were removed (Fig. 1c). The complete
disintegration of the biofilm is registered after the action by the catholyte in combination with the anolyte, but in
this case, rare fragments of cells remain on the surface (Fig. 1d).

Note that traces of the matrix or cellular material on the surface serve as an attractor for the regeneration of
biofilms. Additionally, it was also observed that the formed biofilm acts as a constant reservoir of cells that after
detaching (due to the flow shear in process of treatment ) are able to occupy new surfaces very quickly. Another
processing factor may be the change in the physicochemical and mechanical properties of the surface layer of
the substrate under the influence of ECA AS. Since the stages of development and existence of biofilms are
influenced by transport processes of nutrient transfer and interaction with the fluid medium, which is not only a
source of nutrients, but also regulates the transfer of cells that have a direct impact on cell adhesion and biofilm
formation. Therefore, we studied the removal of a biofilm formed again on the surface of a glass coupon, which
was previously exposed to ECA AS (Fig. 2).
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Figure 2: Micrographs of a biofilm formed by lactic acid bacteria on the surface of a glass coupon: (a) repeated
on the surface, which has already received the primary biofilm; The size of the division deposited on the image
corresponds to 10 microns.

The growth conditions of the biofilm and its processing remained constant throughout the experiment. It can be
seen (Fig. 2a) that biofilms are formed on the surface of the coupon previously processed by ECA AS. A visual
comparison shows the absence of obvious sources of contamination after the repeated disintegration procedure
(Fig. 2b). Second exposure to ECA AS leads to more dense biofilms, which, in turn, reduces the diffusion of
molecules within biofilms. And the flow velocity contributes to stronger shear forces, which can contribute to
the breakage or detachment of biofilms. Thus, physical and chemical properties ECA AS and mechanical
properties of the flow remains effective at Killing the secondary biofilm. Both ECA AS fractions must be
combined to more completely remove the matrix.

At the next stage, the samples obtained in the laboratory circulation reactor, on the inner surface of the pipeline
wall of which a biofilm was formed, were investigated. At the next stage, the samples obtained in the laboratory
circulation reactor, on the inner surface of the pipeline wall of which a biofilm was formed, were investigated.
After treatment, the tube was transferred into preparations physiological medium (0, 9% NaCl solution) for
subsequent rapid analysis of total viable content by counting the number of viable cells. To do this, on the test
plates Petrifilm RAC raised the top sheet and 1 ml of the sample was applied to the surface. Then the top sheet
was gently lowered, applying pressure to the plates in order to evenly distribute the liquid sample over the entire
surface [24]. The preparation applied to the surface of the Petrifilm RAC plate was incubated for 48 hours at

36 ° C.

On two plates, Petrifilm from one dilution was counted the number of colonies, after which the data were
averaged. The mean values were used to quantify the index (BD) of biofilm microbiological density, which was
calculated from equation (1) [25].

BD = log1o[(CFU /V)*(vIS)*K] 1)
Where CFU is the number of colonies per cm?, V is the sample volume in ml, v is the volume of the tube in ml,
S is the coupon area in cm?, K is the dilution factor.

For clarity, the value of the microbiological density of the biofilm obtained for different methods of its
processing is shown in the Figure 3.
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Figure 3. The index (BD) of biofilm microbiological density, where each circle or bar represents the median
and variability between replicates of three to five independent measurements, asterisks indicate significant
difference (P<0.05) from other experimental groups. Experiments: Nel — treatment with water flow, Ne2 -
treatment with 10% aqueous NaOH solution flow, Ne3 - treatment with catholyte flow, Ne4 - treatment with
catholyte followed by anolyte flow.

Ned

To compare the effectiveness of treatment with aqueous solutions of different nature, we used the Log reduction
(LR), which is an indicator of the antimicrobial effectiveness of the disinfectant [26]. The value of this
parameter is the difference between the value of the BD of the control and experimental samples. In our case,
we used BD readings for a bacterial film grown on a glass coupon and processed in different ways. The obtained
dependence of BD on LR is shown in Figure 4.

5 4BD

Nod

LR

0 T I T 1
0 1 2 3 4

Figure 4. Dependence of BD index on the Log reduction (LR) parameter for a bacterial film formed by E. coli
and a composition of LAB. Legend: Nel - treatment with water flow, Ne2 - treatment with 10% aqueous NaOH
solution flow, Ne3 - treatment with catholyte flow, Ne4 - treatment with catholyte followed by anolyte flow.

The LR parameter demonstrates variability depending on the microbiological density of the BD, which is caused
by the method of processing the biofilm. The smallest value (3.66) of LR corresponds to the sequential effect of
ECA AS fractions, which means the most effective disintegration of the biofilm. The results obtained are
summarized in Table 3.

Table 3. Comparative data of microbiological density and LR parameter obtained for different methods of
removing bacterial biofilms

Processing flow water 10% NaOH catholyte catholyte anolyte
Designation processing Nel Ne2 Ne3 Ne4
BD value * 5,86+0,31 4,14+0,44 3,21+0,43 2,20+0,22
LR value 0 1,72 2,65 3,66

* The data are presented as mean + standard deviation
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CONCLUSION

The obtained experimental results show that the express method for determining microbiological density on
Petrifilm RAC plates can be used to assess the quality of removal of a biofilm. In a model experiment with
samples of biofilm grown in a reactor, the effectiveness of ECA AS was confirmed on glass coupons and for the
inner surface of the reactor tube. Our data demonstrate a significant reduction in bacterial contamination of the
surface of the tubes after joint treatment with catholyte and anolyte. Thus, the use of ECA AS, with a wide
spectrum of antimicrobial activity and not having a harmful effect on humans after the transition of water to a
stationary state, is a promising environmentally friendly direction of disinfection in food and biotechnology.
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