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Abstract

:

The resistance of microorganisms’ biofilms to antibacterials is a problem both for medicine and for many industries. Increasing the effectiveness of antimicrobial agents is an urgent task. The goal of the present work was to develop a new approach to development of anti-biofilm compositions based on conventional disinfectants in combination with enhancers (adjuvants). Methods of microbiology (viable cells count, model biofilms) and electron microscopy were employed. This research formulates the principles for selection of adjuvants. The adjuvants should: (1) increase the efficiency of decomposition of the biofilm matrix or/and (2) suppress the microbial protective mechanisms. For testing anti-biofilm compositions, two models of biofilms have been developed, on a solid surface at the interface with air or liquid. It was demonstrated that hydrogen peroxide, ethanol, isopropanol, and 4-hexylresorcinol enhanced the biocidal effect of disinfectants based on oxidants (peroxides and chlorine-containing) and quaternary ammonium salts by three to six orders of magnitude. Mechanisms of adjuvant action were mechanical decomposition of the matrix (by oxygen bubbles formed inside a biofilm in the case of hydrogen peroxide), coagulation of matrix polymers (in the case of alcohols), and a decrease in metabolism (in the case of 4-hexylresorcinol). The use of approved chemicals as adjuvants will accelerate the design of effective anti-biofilm antiseptics for medicine, social hygiene, and food manufactures and other industries.
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1. Introduction


Biofilms (BF) of microorganisms are their mono- or multispecies populations that develop at the interfaces and are embedded in a matrix of extracellular polymers (EPM) synthesized by them. BF cells differ from planktonic ones in many respects: growth parameters, expression of specific genes, etc. In natural systems, more than 95% of the microbiota live on abiotic and biotic surfaces as biofilms [1,2,3,4]. Biofilm cells, unlike planktonic cells, are more resistant to stress factors, including antibiotics and disinfectants [5,6,7,8]. For this reason, BF are the subject of diverse studies in medicine and biotechnology, including many food industries [9,10,11]. Identifying BF, inhibiting their development, and removing BF from food processing equipment surfaces is an urgent problem [6,12].



One of the trends in the study of biofilms is identification of the causes of their resistance to antibiotics and disinfectants. The major cause is considered to be the so-called biofilm phenotype of the cells [13,14]. An important role is assigned to the protective properties of the extracellular polymer matrix (EPM) [4,15]. Direct evidence has been obtained for the protective role of the EPM of Gram-negative bacteria against the action of antibiotics on Gram-positive bacteria in binary BF [16,17].



In addition to the intrinsic high resistance of BF to stressors, adaptive resistance develops with continued use of disinfectants, further exacerbating the danger of BF as a source of infection and contamination in manufacturing plants [18].



The following groups of substances are used as disinfectants in food processing plants: phenols, chlorinated compounds, peroxide-based formulations (including hydrogen peroxide), quaternary amines (QAS) and tertiary amines, alcohols, and aldehydes [10,19].



It is known that the disinfectants, which are effective against planktonic bacterial cultures, often have no biocidal effect on BF [20]. Thus, the concentrations of chlorine-containing compounds, including chloramine and sodium salt of dichloroisocyanuric acid, as well as of aldehydes and alcohols, which are bactericidal for planktonic cultures, are not effective against mature biofilms. QAS-based disinfectants were insufficiently effective against Escherichia, Pseudomonas, Listeria, and Staphylococcus biofilms, even at higher concentrations. It is also known that negatively charged polysaccharides of the matrix are able to bind positively charged molecules of cationic surfactants (surfactants) and thus protect the biofilm cells from destruction [21].



Exopolysaccharides in the BF surface layers also inactivate hypochlorite ions, thus decreasing their activity [20,22].



As a consequence, special disinfectants for biofilm control are currently being developed [10]. As in the case of antibiotics, combinations of disinfectants are used to enhance their effect, which in some cases have positive results, e.g., when combining QAS and chlorine-containing disinfectants [23,24].



In some cases, augmentation of disinfectants activity is achieved by the action of additives that do not themselves have an antimicrobial effect, such as matrix-degrading enzymes or quorum sensing inhibitors [10,25].



Such additional substances can be considered as adjuvants (enhancers, boosters). This term, which was originally used only in medicine for immune response enhancers [26], then came to be used in agronomy [27,28,29]. Agronomic adjuvants aim to enhance the effect of the main component of the drug on a particular crop, e.g., by improving its penetration and assimilation. Agrotechnical adjuvants are most commonly used in pesticides, herbicides, foliar fertilizers, fungicides, and insecticides.



By analogy with these examples, additives that enhance the effect of antibiotics in both in vitro and in vivo systems [30,31] and have been shown to be highly effective are also termed adjuvants.



Some of the substances that enhance the effects of disinfectants in relation to BF are also in fact adjuvants (hydrolytic enzymes).



We suggested that the antibiofilm effect of disinfectants can be enhanced by combining them with certain compounds with known mechanisms of action, for example, the capability to destroy the EPM.



It is important to note that there is no consensus in the literature on the term describing the measure of disinfectants efficacy. The term “disinfecting” effect refers to a biocidal effect resulting in a decrease in the CFU titer/number by at least three orders of magnitude [32]. A “sterilizing” effect is understood to be either a complete elimination of microorganisms or a colony-forming units (CFU) titer/number decrease by six orders of magnitude or more [32]. We will adhere to this terminology.



The aim of the research was to develop new highly effective antibiofilm biocidal compositions based on approved disinfectants in combination with the substances (such as hydrogen peroxide, ethanol, isopropanol, and 4-hexylresorcinol) affecting the biofilm structure or the metabolism of microbial cells (adjuvants).




2. Materials and Methods


Disinfectants and adjuvants. The following disinfectants are approved for use in food processing plants for the treatment of work and production surfaces and were used in the experiments: (1) Dimax Chlor (EuroTipe Rus); (2) Foodlex OXY (MEDLEX); (3) BFR Biocide Enzyme (Detro Healthcare Kimya Sanayi A.Ş.); and (4) peracetic acid (Cryodez).



Dimax Chlor is based on the sodium salt of dichloroisocyanuric acid. The active ingredient is active chlorine, which is formed in the water during the dissolution of the drug. The recommended concentration is 0.038% (w/w) (0.02% by active chlorine) for sterilization of work surfaces; exposure time is at least 5 min.



Foodlex OXY contains as active ingredients: hydrogen peroxide (H2O2), at least 4.0%; peroxylactic acid, at least 3.0%; and other organic acids, at least 20.0%. The recommended concentration is 0.05% for sterilization of work surfaces; exposure time is at least 5 min. Peracetic acid, belonging to the same group of peroxide disinfectants, was used in the same concentration.



BFR Biocide Enzyme contains as active ingredients: didecyldimethylammonium chloride, 6.0%; NN-bis (3-aminopropyl)dodecyl amine, 3.0%); and benzalkonium chloride, 8.0%, as well as Enzumix polyenzymatic substance containing a 3%–5% mixture of enzymes of the carbohydrase group, corrosion protection additives and technological and functional components. The recommended concentration is 0.5% to sterilize work surfaces; exposure time is at least 5 min.



The working concentrations of all disinfectants have been selected according to the manufacturers’ recommendations.



Substances with different mechanisms of action were chosen as adjuvants to enhance the biocidal effect of the main disinfectant: (1) Hydrogen peroxide (3% and 6%, Sigma-Aldrich, St. Louis, MO, USA) is a strong oxidizing agent and produces oxygen gas bubbles when reacting with catalase-positive microorganisms; (2) 4-hexylresorcinol (0.02%, Sigma-Aldrich, St. Louis, MO, USA) is a structural modifier of biopolymers (proteins) and membranes; and (3) alcohols: Ethanol (Hippocrates Ltd., United Kingdom, London) and isopropanol (MEDESA, Moscow, Russia) (40%–20%) have a protein-denaturing and coagulating effect on polymer solutions.



All of these substances are approved for use as disinfectants.



Planktonic bacterial cultures. As an inoculum, overnight cultures of Escherichia coli strain K12 and Staphylococcus aureus strain 209 grown in rich LB medium (Miller, Luria-Bertani, Sigma-Aldrich) in 50-mL Falcon-type tubes with 5 mL medium were used. The inoculum was grown to the stationary growth phase in liquid LB medium on a rotary shaker (Biosan, Riga, Latvia) (5000 g) at 28 °C.



To obtain the inoculum of binary planktonic cultures of S. aureus and E. coli, their overnight cultures obtained as described above were mixed at a ratio of 3:1, respectively. The resulting inocula in an amount of 1% (vol) were added to 50 mL LB medium in 250-mL flasks. Binary cultures and monocultures were incubated on a rotary shaker (140 rpm) at 28 °C.



Effect of disinfectants on planktonic bacterial cultures. Disinfectants were added to the stationary-phase planktonic bacterial cultures (1 day) to the final concentrations given in Table 1 and incubated for 10 or 30 min at 28 °C on a rotary shaker (140 rpm). At the end of the exposure time, aliquots were taken and serial tenfold dilutions in saline (0.9% NaCl) were prepared. The CFU titer of each dilution was determined by a micro- methods plate count (using LB an agarized medium, 5–6 droplets per each point). The plates were incubated for 3 days, and the number of colony-forming units, CFU/mL of planktonic culture was determined.



Biofilm models at the solid surface/air interface. Biofilms of this type were obtained by using fibrous easily degradable (dispersible) materials as substrates according to the methodology described earlier [33]. Squares (15 × 15 mm) were cut from commercial filters: (1) Paper filters (Whatman, black tape) or (2) glass fiber filters (Whatman GF/F). The filters were sterilized by autoclaving (20 min, 120 °C) and then put on the surface of LB-agarized medium in Petri dishes.



As inocula for single-species biofilms, overnight cultures of S. typhimurium strain TA 1535, St. aureus strain 209, and E. coli strain K12 grown in a LB medium as described above were used. To obtain the inocula for binary biofilms of St. aureus + S. typhimurium and St. aureus + E. coli, aliquots were mixed the ratios of 1:1 and 1:3, respectively, and diluted with a sterile LB medium to an OD590 value of 0.5. For the cultivation of single-species and binary biofilms, 20 µL of inoculum were applied to paper and fiberglass filters on the surface of an agarized medium in Petri dishes. The plates were then incubated in an incubator at 28 °C for 7 days.



Effect of disinfectants on biofilms. On the second and seventh days of biofilm growth, they were treated with disinfectants with and without adjuvants. Disinfectant solutions in sterile water were prepared immediately before application to the filters. Biofilm-bearing filters were removed from the growth medium surface, transferred to sterile Petri dishes, and 100 µL of disinfectant solutions were applied to each until the filter was completely wetted. Exposure time with disinfectants was 10 min.



The filters were then dispersed using an Ultra Turax homogenizer, IKA-WERKE (Staufen im Breisgau, Germany). A DT−20 series beaker with a rotor-stator insert was used for homogenization. The filter was transferred into a beaker containing 10 mL of sterile saline and dispersed at the following regimes: 10 s at 1000 rpm, 10 s at 2000 rpm, and 80 s at 3200 rpm. Aliquots of the obtained homogenates (100 µL) were diluted with 900 µL sterile saline, and tenfold serial dilutions were prepared. In each dilution, the number of viable cells (CFU/mL) was determined by the micro method, and the CFU titer in the primary filter homogenate was calculated.



Scanning electron microscopy. Bacterial biofilms grown on glass fiber filters were fixed with glutaric aldehyde and dehydrated in a series of ethanol solutions as follows: Glutaric aldehyde, 2.5% 90 min; washing with phosphate buffer (pH 7.2); ethanol 30% 2 min; 50% 7 min; 70% 5 min; 95% 5 min. Then, a fragment of the glass fiber filter with the biofilm was attached to the surface of a double-sided adhesive tape and mounted on a copper cylinder. Gold sputtering was performed in a JEOL FINE COAT−1100 ion sputtering machine (Jeol, Tokyo, Japan). Then, the cylinders were placed in the working chamber of a SEM Jeol JSM-IT200 (Jeol, Tokyo, Japan), and the surface of the samples was monitored using the supplied software (version No.ISMIT200-3E).



Data processing. All studies were conducted in triplicate; each repeat included two parallel experiments. While calculating the CFU titers, the mean values and the experimental errors were determined using the mean deviation of experimental values from the mean value function for 5–7 independent samples with Microsoft Office Excel 2010. Differences between the values were considered significant if they exceeded the experimental error level (typically 20% or less), in conformity with the Student’s t test for p = 0.05. In the figures, the data of typical experiments are represented as the mean values ± the experimental errors.




3. Results


The first phase of the work investigated the effect of disinfectants on planktonic cultures (verification of their antimicrobial efficacy) and then the effect on BF.



3.1. Action of Disinfectants on Planktonic Bacterial Cultures


The disinfectants were used in the concentrations recommended by the manufacturers, as well as in the concentrations that increased or decreased several times (Table 1).



Treatment of E. coli and St. aureus planktonic monocultures with Foodlex OXY for 30 min at the concentrations recommended by the manufacturer resulted in the number of viable cells decreased by 40%–80%, while Dimax Chlor decreased the number of viable cells by 65%–99%. A significant drop in the CFU number of planktonic monocultures of both Gram-positive and Gram-negative bacteria (by one order of magnitude or more) was observed only at the Foodlex OXY concentration, which were four times higher than recommended (0.2%) and at 30 min of exposure. Increasing Dimax Chlor concentration for four times above the recommended concentration (0.152%) resulted in a drastic decrease in the viable cell numbers on planktonic cultures, up to their complete elimination (Table 1).



For BFR Biocide Enzyme, the sterilizing effect was observed not only at the recommended concentration but also at those two and four times lower (0.25% and 0.125%) (Table 1).



Similar effects of those disinfectants were observed for a binary culture of St. aureus + E. coli (Table 1).



In order to investigate the effect of disinfectants on biofilms of model bacteria, the range of active concentrations was extended upward as well as downward.




3.2. Effect of Disinfectants on Single-Species and Binary Biofilms Formed on Glass Fiber Filters


Biofilms of two ages were used in the study: Young (2 days of growth) and mature (7 days of growth) with exposure times with disinfectants of 10 and 30 min. The results are presented as graphs in Figure 1.



Foodlex OXY at the recommended concentration (0.038%) and at four times higher concentration (0.152%) had no significant effect on bacteria either in single-species or binary BF (BBF) (Figure 1a). Increasing the exposure time to 30 min did not enhance the effect.



Dimax Chlor at a concentration of 0.152% exhibited a biocidal effect, which was more pronounced against Gram-positive bacteria (St. aureus) (Figure 1b).



BFR Biocide Enzyme, like Foodlex OXY, had a small effect against both single-species and binary BF regardless of treatment time (Figure 1c).



Thus, the disinfectants we used were of little effectiveness against BF developing on glass fiber filters.




3.3. Action of Disinfectants on Binary Biofilms (St. aureus + S. typhimurium) Formed on Paper Filters


Foodlex OXY had little effect on both 2-day and 7-day binary BF (Figure 2a).



Dimax Chlor at higher concentrations (0.38% and 1.15%) than the recommended one (0.038%) exhibited a pronounced bactericidal effect on both 2-day and 7-day BF (the CFU titer decreased by 6 orders of magnitude) (Figure 2b).



The preparation of BFR Biocide Enzyme had a similar high antimicrobial effect (Figure 2c). However, both disinfectants exhibited a pronounced biocidal effect only at the concentrations exceeding the recommended ones, regardless of exposure time (10 or 30 min).



The action of peracetic acid (Figure 2d) at concentrations of 0.5% and 1.5% had a pronounced biocidal effect on 2-day binary BF but had little effect on 7-day binary BF.



The observed differences in the efficacy of peracetic acid and Dimax Chlor on biofilms of different ages (Figure 2b,d) were due to the greater persistence of old BF compared to young BF, as noted previously [34].



It should be noted that a pronounced biocidal effect of the applied disinfectants on bacteria in BF was found, firstly, only at concentrations higher than the recommended ones and, secondly, was more pronounced when acting on biofilms formed on paper filters compared to glass fiber filters (Figure 1 and Figure 2).



In order to stay within the recommended concentrations of the antimicrobials, while still maintaining their efficacy, an approach was used to increase the efficiency of the active ingredient through the synergistic effect of an additional compound, the adjuvant [30,31]. The following are the results of experiments on enhancing disinfectants with the use of specific adjuvants.




3.4. Cumulative Effect of Disinfectants and Adjuvants on Binary Biofilms (St. aureus + S. typhimurium)


In the concentrations used, the adjuvants applied individually had a very moderate biocidal effect on binary BF, after 30 min of contact decreasing the CFU titer of both young and mature BF by no more than three to seven times. It should be reminded that disinfectants used in the recommended concentrations were also ineffective when acting against binary biofilms grown and treated with disinfectants under the same conditions: the CFU titer decreased by no more than six times (Figure 2).



The results of the action of disinfectants with adjuvants on BF grown on paper filters are shown in Figure 3.



The use of adjuvants did not significantly increase the efficacy of Foodlex OXY, and no sterilizing effect was achieved (Figure 3a).



The combined effect of Dimax Chlor with ethanol (30%) revealed a pronounced biocidal effect on both young and mature BF, i.e., 2-day- and 7-day-old BF. A decrease in CFU abundance by five orders of magnitude was achieved in the variants with ethanol (Figure 3b).



The combined action of BFR Biocide Enzyme with some adjuvants on both 2-day and 7-day BF showed high efficacy. The greatest biocidal effect (up to sterilizing effect) was observed for the combined action of this disinfectant with isopropyl alcohol and hydrogen peroxide (6%). The biocidal effect was less pronounced for disinfectants paired with hexylresorcinol (biofilms at 7 days) (Figure 3c).



A synergistic effect was also found for peracetic acid in combinations with ethanol (30%) and hexylresorcinol (0.02%) when acting on a 2-day biofilm (Figure 3d); the CFU titer decreased by more than four orders of magnitude.



Thus, for disinfectants that do not exhibit disinfectant and sterilizing activity when acting on young and mature BF in the recommended concentrations, an approach can be used to increase their effectiveness, combining them with adjuvants. In our studies, ethyl alcohol (30%), isopropyl alcohol (30%), hydrogen peroxide (6%) and, to a lesser extent, hexylresorcinol (0.02%) showed good results as adjuvants.



Data on the comparative biocidal activity of disinfectants (10-min exposure) against young and mature binary BF (S. typhimurium and S. aureus) grown on paper are presented in Table 2. The data show enforcement of most disinfectants when adjuvants were added so that in some cases a sterilizing effect was developed (decrease in the CFU number by six orders of magnitude [32]).



A decrease in CFU numbers in binary BF by six orders of magnitude was observed for the combinations of Dimax Chlor (0.038%) + ethanol (30%) (both 2-day and 7-day BF), BFR Biocide Enzyme (0.5%) + isopropyl alcohol (30%) (7-day BF), and peracetic acid (0.05%) + ethanol (30%) (2-day BF). Combinations of BFR Biocide Enzyme (0.5%) + isopropyl alcohol (30%) and peracetic acid (0.05%) + hexylresorcinol (0.02%) decreased CFU counts in 2-day BF by four orders of magnitude.




3.5. Comparative Sensitivity to Disinfectants of the Biofilms Developing on Glass Fiber and Paper Filters


When analyzing the results obtained, it was noted that binary films grown on glass fiber filters (Figure 1) showed greater resistance to the action of disinfectants than the BF grown on paper filters (Figure 2). Therefore, a comparative study of the effect of disinfectants with adjuvants on the biofilms grown on paper and glass fiber filters was carried out (Figure 4, Table A1). Disinfectants were applied in recommended concentrations (Table 1). The exposure time was 10 min.



The combined effect of Foodlex OXY and isopropyl alcohol was slightly more pronounced against the BF developing on paper filters than on glass filters (Figure 4a).



The effect of Dimax Chlor together with ethyl or isopropyl alcohol was more pronounced against the BF developing on paper filters (Figure 4b), as was the effect of peracetic acid together with hexylresorcinol or ethyl alcohol (Figure 4c).



In contrast, BFR Biocide Enzyme in combination with isopropyl alcohol or hydrogen peroxide performed equally well on the BF formed on both paper and glass filters, while in combination with ethanol, it performed better on BF formed on paper filters (Figure 4c).



Thus, the most effective adjuvants were hydrogen peroxide (6%); isopropyl alcohol (30%); and ethyl alcohol (30%). Their combined application with BFR Biocide Enzyme and Dimax Chlor had a synergistic effect and caused a drop in the cell number of biofilm populations to <103 CFU/mL (below the experimental cell detection threshold and consistent with surface sterilization).




3.6. A Study of the Mechanisms of Action of the Adjuvants


Changes in matrix structure and integrity were recorded microscopically.



The action of the effective binary preparations BFR Biocide Enzyme (0.5%) + hydrogen peroxide (6% vol.) or isopropanol (30%) when viewed under a scanning microscope on biofilms formed on glass fiber filters is shown on Figure 5.



Figure 5a shows multicellular conglomerates of cells from a mixed biofilm culture of St. aureus + S. typhimurium. The arrays of cells, united by a well-formed matrix, are situated within the interweaving of glass fibers. After exposure to BFR Biocide Enzyme (10 min), depressions appeared in the biofilm due to matrix breakdown, some cells appeared “naked”, outside the matrix, but no critical changes in the BF structure were observed (Figure 5b). After exposure to H2O2 (10 min), the matrix was partially destroyed; small caverns and individual clots of matrix are visible (Figure 5c). After the combined action of disinfectants with the adjuvant (H2O2), wide and deep gaps were visible in the biofilm as a consequence of matrix destruction (Figure 5d), as well as many cells torn into halves (black hemispheres on Figure 5d). Treatment with isopropanol led to aggregation of the BF matrix, which was evident from its cracking and the appearance of gaps between the BF pieces (Figure 5e). The addition of BFR Biocide Enzyme did not change the picture much. Figure 5f shows the matrix clot and behind it the gaps leading deep into the biofilm.





4. Discussion


The main result of this research, both theoretically and practically important, is to expand our knowledge about the development of microbial biofilms and methods of their effective suppression. A comparative analysis of BF resistance to disinfectants was carried out in this work, depending on the age of BF, the material on which BF developed, and the type of disinfectants used individually or in combination with other substances and adjuvants.



It was shown for the first time that BF formed on paper filters were more sensitive to the same disinfectants when developing under the same conditions compared to glass fiber filters. Since the composition of BF was identical (St. aureus + S. typhimurium) and they were formed on the same nutrient media (LB broth) at identical temperatures, differences in resistance to disinfectants may only depend on the substrate material and the properties of the populations grown on them. Cellulose fibers are characterized by greater hydrophilicity, and the BF grown on paper filters are characterized by greater moisture content and lower density. This leads to two consequences affecting BF resistance to disinfectants: (1) High moisture content and hydrophilicity contribute to lesser BF development [35], a higher part of the population being in a planktonic (non-biofilm) state, and highly sensitive to disinfectants; and (2) higher density of BF (as on the surface of glass fiber filters) provides greater protection against disinfectants, as described in [34]. The phenomenon of BF resistance to disinfectants depending on the bed material (glass or cellulose), noted for the first time, needs further research and should be considered in the process of the sanitization of manufacturing facilities, as well as in medical institutions.



The results obtained on the pronounced synergistic effect of the adjuvants and traditional disinfectants confirm the correctness of the assumptions made at the beginning of this work on the mechanisms of the action of the adjuvants and significantly broaden the knowledge of biofilm control methods.



Several dozens of special substances of different types of action on biofilms have been proposed to combat BF (inhibiting the synthesis or destroying the matrix components and cellular structures of the biofilm phenotype, enzymes–hydrolases, disrupting signal transduction, inhibitors of cellular metabolism, etc.) [35,36]. A possible obstacle to the practical application of new substances and approaches is their untested nature in the conditions of real manufacturers or medical institutions, the absence of safety reports, and approvals.



An important trend in the fight against BF is the development of complex disinfectants from among the known and used ones, which, in our opinion, is more effective, as it relies on the use of substances already approved for practical application, with known mechanisms of action. Numerous examples of such combinations are known [19,37,38].



Successful applications of disinfectants in combination with physical [39,40] and biological factors [41] have also been described. Enhanced antimicrobial action on biofilms in the presence of ultrasound [39], a rotating magnetic field [40], or antagonist bacteria (Pseudomonas aeruginosa) has been demonstrated [41].



Within the framework of the rather obvious combinatorial approach, where two antimicrobial factors are used [42], there is an approach that involves the use of an additional effect or substance that does not necessarily exhibit a biocidal effect but enhances the effect of the other biocide. Such additional substances are called adjuvants (enhancers). Some substances that enhance the action of disinfectants in relation to BF are also essentially adjuvants (e.g., hydrolase enzymes) [43,44]. Adjuvants are additives that enhance the action of antibiotics in both in vitro and in vivo systems and have been shown to be highly effective [30,31,45]. One of these compounds, 4-hexylresorcinol, nonspecifically lowers the defense mechanisms of microbial cells [30], making it a versatile adjuvant.



In the present study, a similar approach was used, using compounds of a different chemical nature and different types of action as broad-spectrum adjuvants, which have no pronounced disinfecting effect in the concentrations recommended. Due to the non-specificity of the action of the adjuvants, they exhibited a synergistic effect against disinfectants with different mechanisms of antimicrobial action.



Adjuvants that additionally disrupted the matrix structure—H2O2 (due to matrix rupture by generated oxygen bubbles) and alcohols (causing coagulation of the matrix biopolymers)—increased the biocidal activity of BFR Biocide Enzyme to the greatest extent. Moreover, hydrogen peroxide additionally created a strong oxidative stress, which enhanced the biocidal effect of quaternary ammonium salts contained in this disinfectant (Figure 3b, Table 2). Without additional matrix degradation, the QAS (polycations) bound to the negatively charged acidic polymers of the biofilm matrix. Additional ‘passages’ and gaps in the matrix and its ‘compression’ during coagulation allowed QAS to penetrate into the BF and reach the cells, exerting a biocidal effect on them.



The most effective enhancement of Dimax Chlor, whose active ingredient is active chlorine, was observed when it was combined with alcohols, which disrupt the matrix structure as noted above (Figure 3b, Table 2).



The effectiveness of disinfectants belonging to the oxidant group (Foodlex OXY and peracetic acid) was little affected by the adjuvants used; isopropyl alcohol had little effect and only on young BF (Figure 4a,d, Table 2 and Table A1).



It was unexpected that 4-HR, which proved to be an effective and versatile antibiotic adjuvant [30], enhanced the action of disinfectants in a very limited way—only of peracetic acid against young BF and BFR Biocide Enzyme against old BF. Apparently, the BF matrix is an effective barrier to 4-HR. The lack of a universal adjuvant (capable of reinforcing all disinfectants) and, in some cases, the different effects on young and old BF, points to the need to investigate the reasons for these differences in further work.



When combining chemicals, it is important to consider their possible incompatibility/instability due to chemical or physical reactions. For example, mixing Dimax Chlor and hydrogen peroxide resulted in the oxidation of hydrogen peroxide and a release of oxygen, making it inappropriate to study such a combination.



A study of the effects of isopropanol and H2O2 on the structure of disinfectants confirmed the original hypothesis of their mechanism of action–disruption of the matrix structure (Figure 5), which allows targeted selection of adjuvants in further studies.



Analysis of the results suggests that the efficiency of biofilm disruption increases with simultaneous disruption (or destruction) of the extracellular polymeric matrix structure and antimicrobial action on cells exceeding their stress tolerance threshold. Given the limitations of the list of disinfectants approved in the food industry and their ineffectiveness against BF, it is advisable to use these disinfectants in combination with adjuvants, which will provide in some cases a three to six orders of magnitude reduction in bacterial abundance/titer.
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Table A1. Cell survival (CFU/mL) of binary biofilm (S. typhimurium and St. aureus) of different ages, formed on different media (paper, glass) after exposure to combinations of disinfectants (10 min).
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Combinations of Disinfectants

	
Viable Cell Titer, CFU/mL




	
Paper Filters

	
Paper Filters




	
Age of the BP




	
2 Days

	
7 Days

	
2 Days

	
7 Days






	
Control without Disinfectants

	
1.3 × 109

	
2.1 × 108

	
1.5 × 109

	
3.7 × 108




	
Foodlex OXY 0.05%

	
+isopropyl alcohol 30%

	
1.9 × 106

	
1.8 × 108

	
4.2 × 108

	
2.9 × 108




	
Dimax Chlor 0.038%

	
+ethyl alcohol 30%

	
4.6 × 105

	
<103

	
3.9 × 108

	
3.2 × 104




	
+isopropyl alcohol 30%

	
1.8 × 105

	
4.4 × 104

	
2.3 × 107

	
2.7 × 107




	
BFR Biocide

Enzyme

0.5%

	
+hexylresorcinol 0.02%

	
7.1 × 108

	
6.0 × 104

	
6.1 × 108

	
1.3 × 107




	
+ethyl alcohol 30%

	
3.5 × 105

	
3.8 × 105

	
7.4 × 108

	
3.7 × 105




	
+isopropyl alcohol 30%

	
1.0 × 103

	
<103

	
2.3 × 105

	
<103




	
+hydrogen peroxide 6%

	
<103

	
<103

	
<103

	
<103




	
Peracetic Acid

0.05%

	
+hexylresorcinol 0.02%

	
4.4 × 108

	
5.3 × 107

	
1.9 × 108

	
2.4 × 107




	
+ethyl alcohol 30%

	
3.6 × 108

	
1.6 × 108

	
5.3 × 108

	
2.7 × 108




	
+isopropyl alcohol 30%

	
8.1 × 106

	
2.2 × 107

	
4.6 × 108

	
3.0 × 107




	
+hydrogen peroxide 6%

	
8.2 × 108

	
3.6 × 106

	
8.3 × 109

	
3.5 × 107
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Figure 1. Effect of disinfectants on cell survival (CFU/mL) of monospecies and binary biofilms of E. coli and S. aureus on days 2 and 7 of growth on glass fiber filters: (a) Foodlex OXY (0.2% vol); (b) Dimax Chlor (0.152% vol); (c) BFR Biocide Enzyme (0.125%, 0.25%, 0.5% vol). Designations: 1—action 10 min; 2—action 30 min. BBF—binary biofilms. 
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Figure 2. Effect of disinfectants on cell survival (CFU/mL) of binary St. aureus + S. typhimurium biofilms on days 2 and 7 of growth on paper filters: (a) Foodlex OXY (0.0.5%, 0.5%, 1.5% vol); (b) Dimax Chlor (0.038%; 0.38%; 1.15% vol); (c) BFR Biocide Enzyme (0.5%, 5%, 1.5% vol); (d) peracetic acid (0.05%; 0.5%; 1.5% vol). Designations: 1—action 10 min; 2—action 30 min. 
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Figure 3. Combined effect of disinfectants (in recommended concentrations) and adjuvants of different chemical nature on bacteria survival (CFU/mL) in binary biofilms (St. aureus + S. typhimurium) on days 2 and 7 of their growth on paper filters: (a) Foodlex OXY (0.0.5%); (b) Dimax Chlor (0.038%); (c) BFR Biocide Enzyme (0.5%); (d) peracetic acid (0.05%). Adjuvant designations: 1—hexylresorcinol (0.02%); 2—ethyl alcohol (30%); 3—isopropyl alcohol (30%); 4—hydrogen peroxide (3%); 5—hydrogen peroxide (6%). 
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Figure 4. Comparative effects of disinfectants (in recommended concentrations) and adjuvants of different chemical nature on cell survival (CFU/mL) in 2- and 7-day binarybiofilms (St. aureus + S. typhimurium) grown on paper filters and glass fiber filters: (a) Foodlex OXY (0.0.5%); (b) Dimax Chlor (0.038%); (c) BFR Biocide Enzyme (0.5%); (d) peracetic acid (0.05%). Adjuvant designations: 1—hexylresorcinol (0.02%); 2—ethyl alcohol (30%); 3—isopropyl alcohol (30%); 4—hydrogen peroxide (6%). 
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Figure 5. Microphotographs of native binary biofilms of Salmonella typhimurium 1535 and Staphylococcus aureus st. 209 at 2 days of age, formed on a glass fiber filter, scale bar 5 µm: (a) Native biofilm (NBP); (b) NBP, after exposure to BFR Biocide Enzyme (10 min, 0.5%), depressions appear in the biofilm, some cells are released from the matrix; (c) NBP, after exposure to hydrogen peroxide (10 min, 6%), no solid fields of undamaged BP, smaller fragments of BF and clotted matrix are visible (inlay); (d) NBP, after exposure (10 min) to BFR Biocide Enzyme (0.5%) together with hydrogen peroxide (6%), depressed channels, cells devoid of matrix and half cells are visible (black spheres in the inset); (e) NBP, after exposure to isopropanol (10 min, 30%), matrix rupture is clearly visible; (f) NBP, after exposure (10 min) to BFR Biocide Enzyme (0.5%) together with isopropanol (30%), matrix rupture, its clots are visible. 
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Table 1. Cell survival of planktonic stationary cultures (1 day) when exposed to different disinfectants for 10 and 30 min. Data are represented as CFU/mL and % of control before disinfectants treatment.
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Disinfectant

	
Concentration

of Disinfectants

	
CFU/mL After Exposure to Disinfectant (% of Control in Parentheses)




	
10 min

	
30 min






	
E. coli




	
Control without disinfectants

	
5.0 × 109 (100%)




	
Foodlex OXY

	
0.05% *

	
4.5 × 109 (90%)

	
3.1 × 109 (62%)




	
0.2%

	
4.5 × 109 (90%)

	
1.0 × 108 (2%)




	
Dimax Chlor

	
0.038% *

	
5.2 × 108 (10%)

	
1.8 × 109 (36%)




	
0.152%

	
<102

	
3.5 × 103 (0.0001%)




	
BFR Biocide Enzyme

	
0.5% *

	
<102

	
<102




	
0.25%

	
<102

	
<102




	
0.125%

	
<102

	
<102




	
S. aureus




	
Control without disinfectants

	
2.8 × 109 (100%)




	
Foodlex OXY

	
0.05% *

	
7.9 × 108 (28%)

	
7.3 × 108 (23%)




	
0.2%

	
1.0 × 109 (36%)

	
2.7 × 108 (10%)




	
Dimax Chlor

	
0.038% *

	
2.8 × 108 (10%)

	
1.3 × 107 (0.5%)




	
0.152%

	
<102

	
<102




	
BFR Biocide Enzyme

	
0.5% *

	
<102

	
<102




	
0.25%

	
<102

	
<102




	
0.125%

	
<102

	
<102




	
Binary culture (S. aureus + E. coli—3:1)




	
Control without disinfectants

	
1.0 × 1010 (100%)




	
Foodlex OXY

	
0.05% *

	
3.5 × 109 (34%)

	
4.2 × 109 (41%)




	
0.2%

	
3.5 × 109 (34%)

	
8.1 × 107 (1%)




	
Dimax Chlor

	
0.038% *

	
5.1 × 108 (5%)

	
4.2 × 108 (4%)




	
0.152%

	
<102

	
<102




	
BFR Biocide Enzyme

	
0.5% *

	
<102

	
<102




	
0.25%

	
<102

	
<102




	
0.125%

	
<102

	
<102








* Manufacturer’s recommended concentrations.
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Table 2. Decrease in cell titer in S. typhimurium + S. aureus binary biofilms of different ages, formed on paper filters, after exposure to disinfectants together with adjuvants for 10 min (number of orders of magnitude (decimal logarithms) of CFU/mL titer relative to the control and % of cells surviving cells from control).
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Combinations of Disinfectants

with Adjuvants

	
Decrease in Titer after Exposure to Disinfectant (10 min),

Orders (% CFU from Baseline Value)




	
2 Days

	
7 Days






	
Control without disinfectants

	
(100%)

	
(100%)




	
Foodlex OXY 0.05%

	
+hexylresorcinol 0.02%

	
(100%)

	
>1 order of magnitude (40%)




	
+ethyl alcohol 30%

	
>1 order of magnitude (97%)

	
(100%)




	
+isopropyl alcohol 30%

	
3 orders of magnitude (0.1%)

	
(100%)




	
Dimax Chlor 0.038%

	
+hexylresorcinol 0.02%

	
1 orders of magnitude (11%)

	
1.3 orders of magnitude (5%)




	
+ethyl alcohol 30%

	
6 orders of magnitude (<0.0002%)

	
6 orders of magnitude (<0.0002%)




	
+isopropyl alcohol 30%

	
3 orders of magnitude (0.03%)

	
3.5 orders of magnitude (0.04%)




	
BFR Biocide

Enzyme

0.5%

	
+hexylresorcinol 0.02%

	
(100%)

	
4 orders of magnitude (0.03%)




	
+ethyl alcohol 30%

	
3 orders of magnitude (0.05%)

	
1.5 orders of magnitude (6%)




	
+isopropyl alcohol 30%

	
4 orders of magnitude (0.01%)

	
6 orders of magnitude (<0.0002%)




	
+hydrogen peroxide 3%

	
1.5 × 108 (27%)

	
2.9 × 106 (3%)




	
+hydrogen peroxide 6%

	
6 orders of magnitude (0.0002%)

	
6 orders of magnitude (<0.0002%)




	
Peracetic acid

0.05%

	
+hexylresorcinol 0.02%

	
4 orders of magnitude (0.008%)

	
(100%)




	
+ethyl alcohol 30%

	
6 orders of magnitude (0.0002%)

	
(100%)




	
+isopropyl alcohol 30%

	
2 orders of magnitude (1%)

	
1 order of magnitude (22%)




	
+hydrogen peroxide 6%

	
(100%)

	
2 orders of magnitude (4%)
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