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Abstract: To guarantee food safety, poultry slaughterhouses follow rigid standards to control
pathogenic bacteria and prevent spoilage. However, Salmonella Heidelberg remains a major public
health concern because it produces biofilms that increase its survival on abiotic surfaces for long
periods oftime. Thereis a global need to identify naturally-occurring compounds to remove and prevent
biofilms produced on food-contact surfaces. Electrochemically activated water (ECAW) is a potential
alternative to chemical disinfectants against foodborne pathogens. The antibiofilm activity has been
demonstrated on stainless steel and polyethylene, but not on polystyrene surfaces. The aim of this
study was to evaluate the antibiofilm activity of ECAW against S. Heidelberg biofilms on polystyrene
surfaces and to compare with a broad-spectrum disinfectant, an alkaline detergent, and an acid
detergent. All products were tested at three concentrations for antibiofilm activity against S. Heidelberg
at 25 and 37 °C. ECAW was effective in removing S. Heidelberg biofilms formed on polystyrene surfaces
(56% removal). The influence of contact time, product concentration, and temperature was observed
on biofilm removal by ECAW. ECAW prevented up to 54% of S. Heidelberg biofilms on polystyrene.
ECAW presented similar, or even superior, antibiofilm activity to that of disinfectant for the prevention
and removal of S. Heidelberg biofilms. Our findings demonstrate that ECAW is effective in removing
and preventing S. Heidelberg biofilms on polystyrene surfaces and confirmed its potential alternative
to control S. Heidelberg in the food production chain.
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Resumo: Para garantir a seguranca do alimento, abatedouros-frigorificos de aves seguem protocolos
rigidos para evitar a contaminacdo por bactérias deteriorantes e patogénicas. Entretanto, Salmonella
Heidelberg permanece como um problema de saude publica, uma vez que é capaz de produzir biofilme
e sobreviver em superficies abioticas por longos periodos de tempo. Existe uma necessidade mundial
para a identificacdo de compostos naturais que sejam capazes de remover e de prevenir a formacao
de biofilmes em superficies de contato com alimentos. A dgua eletroquimicamente ativada (ECAW)
€ uma alternativa potencial aos desinfetantes quimicos utilizados contra patégenos de alimentos. A
atividade antibiofilme da ECAW ja foi demonstrada em ac¢o inoxidavel e no polietileno, mas ndo em
superficies de poliestireno. O objetivo deste estudo foi avaliar a atividade antibiofilme de ECAW contra
os biofilmes de S. Heidelberg em superficies de poliestireno e comparar com um desinfetante de amplo
espectro, um detergente alcalino e um detergente acido. Todos os produtos foram testados em trés
concentrag8es para determinar a atividade antibiofilme de ECAW contra os biofilmes de S. Heidelberg
em superficies de poliestireno a 25°C e a 37°C. Todos os experimentos foram realizados em triplicatas.
A ECAW foi efetiva em 56% na capacidade de remocao dos biofilmes de S. Heidelberg formados
em superficies de poliestireno, sendo observada influéncia do tempo de contato, concentra¢do do
produto e temperatura. Em relacdo a prevencao da formacdo dos biofilmes, ECAW foi efetiva em
54% e apresentou resultados similares ou superiores ao desinfetante e aos detergentes avaliados.
Os resultados encontrados in vitro demonstram que ECAW é efetiva na remocdo e na preveng¢do de
biofilmes de S. Heidelberg em superficies de poliestireno. Ademais, confirmam o seu potencial para
ser utilizada como uma alternativa na cadeia de producdo de alimentos.

Palavras-chave: composto natural; prevencao de biofilmes; remocdo de biofilmes

1. Introduction

Salmonella spp. is one of the leading causes of gastroenteritis worldwide™. It was the
second most reported zoonosis in humans in the EU in 2021@. In the US, 1.35 million peo-
ple get sick, 26,500 are hospitalized, and 420 die from Salmonella spp. infection annually®.
An aggravating bacterial feature of several Salmonella serotypes is the capacity to produce
biofilms on different surfaces®. This supports bacterial survival on abiotic surfaces and in
hostile environments for long periods of time, such as slaughterhouses and food processing
industries, and may be a source of food contamination®. This represents a risk to consumer
health and results in economic losses to the industry. Salmonella Heidelberg is an important
pathogen associated with multidrug resistant outbreaks linked to poultry foods in southern
Brazil. The emergence of this serotype and its high persistence in the environment has led to
increased concern among food-processing plants®”.

To ensure food safety, food-processing plants are routinely subjected to cleaning and
disinfection processes to promote microbiological control and prevent bacterial adhesion.
However, due to the increased microbial resistance, there is a global concern to identify na-
tural compounds and evaluate their efficacy against pathogens®?. Electrochemically activa-
ted water (ECAW) is a natural, cost-efective, and eco-friendly compound produced through
electrolysis membranes from water, salt, and electricity. The main component of ECAW is the
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hypochlorous acid (HOCI)"9, an inexpensive, available, nontoxic, noncorrosive, and practical
disinfectant that eliminates pathogens and that is inherently harmlesst"2),

The antimicrobial activity of ECAW against Salmonella spp., Escherichia coli, and Listeria
monocytogenes has been previously described3'®., Also, the antibiofilm activity of ECAW in
preventing and removing biofilms has been demonstrated for stainless steel and polyethy-
lene surfaces”. Reports on polystyrene in the literature are scarce. Polystyrene is a polymer
widely used in food industry for packaging meat, dairy, and bakery products®®.

In this context, the aim of this study was to evaluate the antibiofilm activity of ECAW
against preformed biofilms of S. Heidelberg and its capacity to prevent biofilm formation on
polystyrene surfaces and to compare with a broad-spectrum disinfectant, an alkaline deter-
gent, and an acid detergent.

2. Materials and methods

2.1 Production of electrochemically activated water

ECAW was produced in a generator (Centrego, Frome, UK) with a production capacity
of 200 L/h using supply water and 0.1% sodium chloride (NaCl) solution. The free chlorine
and oxidation-reduction potential (ORP) of the solution were measured using a Micro 7 Plus
meter (Akso, Sao Leopoldo, Brazil) immediately after production. The ORP values varied from
800 mV to 900 mV, and the average concentration of free chlorine obtained in the initial
ECAW solution ranged from 350 ppm to 400 ppm.

2.2 Preparation of electrochemically activated water and commercial products

Four treatments were evaluated for antibiofilm activity: (A) ECAW, (B) quaternary am-
monium compound (QAC) disinfectant, (C) alkaline detergent, and (D) acid detergent. ECAW
was tested at three concentrations (initial solution [350-400 ppm], 200, and 250 ppm) of free
chlorine. These concentrations were selected based on a previous evaluation of the in vitro
antimicrobial activity of ECAW), The disinfectant was tested at weak (0.1%), recommended
(0.2%), and strong (0.5%) concentrations. Detergents were tested at weak (0.25%), recom-
mended (0.5%), and strong (1%) concentrations, as recommended by the manufacturer. All
products were diluted in sterile distilled water.

2.3 Salmonella Heidelberg strains

Eight S. Heidelberg strains isolated from poultry sources between 2018 and 2019 were
randomly selected from our stock collection for this study. These strains were previously
identified and serotyped by the Oswaldo Cruz Institute Foundation (Fiocruz, Brazil). All strains
were previously tested using crystal violet assay to determine their ability to produce biofilms
at 25 °C (room temperature) and 37 °C (the optimum temperature for Salmonella growth)
(data not shown). Bacterial isolates were stored at —20 °C in brain heart infusion broth (BHI;
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Oxoid, Basingstoke, UK) supplemented with 15% glycerin (Synth, Diadema, Brazil). Strains
were reactivated in BHI for 24 h at 37 °C and then on xylose lysine deoxycholate (XLD) agar
(Oxoid) for 24 h at 37 °C.

2.4 Inoculum preparation

Colonies of S. Heidelberg were seeded on tryptone soy agar without glucose (TSA; Oxoid)
and incubated for 24 h at 37 °C. One colony of each strain was inoculated into tryptone soy
broth without glucose (TSB; Oxoid), and the tubes were incubated for 24 h at 37 °C. McFarland
standard No. 1 (Probac do Brasil, Brazil) was used as a reference to adjust the turbidity of
the bacterial suspension in TSB to 3 x 108 CFU/mL. A spectrophotometer SP 22 (Biospectro,
Brazil) was used to measure turbidity at 620 nm, which ranged from 0.224 to 0.300. The anal-
ysis was carried out in two pools of four strains each. To prepare the pools, 200 pL of each
bacterial solution was inoculated in 4.2 mL of TSB to reach a final volume of 5 mL.

2.5 Removal of formed biofilms

Aliquots of 200 pL of each pool were inoculated in triplicate into each well of a sterile 96-
well flat-bottomed polystyrene microplate (Kasvi; Sao José dos Pinhais, Brazil), followed by in-
cubation for 24 h at 25 and 37 °C. After incubation, the cell suspension was removed, and the
microplates were washed with 250 pL of 0.85% sodium chloride solution (Synth, Diadema,
Brazil) to remove planktonic cells. The formed biofilm was treated with 200 pL of each prod-
uct (A, B, C, and D) at their respective concentrations for 10 and 20 min at 25 °Cand 37 °C. The
contents were removed from each well and washed three times with 250 pL of 0.85% sterile
sodium chloride solution. The attached bacteria were fixed with 200 pL of methanol (Nuclear,
Brazil) per well for 20 min. The methanol was removed and the microplates were stained with
200 pL of 2% (w/v) Hucker crystal violet (MediQuimica, Brazil) per well for 15 min. The stain
was removed slowly and the plate was gently washed with tap water. The plates were then
air-dried at room temperature. The biofilm was resuspended in 250 yL 33% glacial acetic acid
(Nuclear, Brazil) per well. The optical density (OD) of each well was measured at 550 nm using
an ELx800 Absorbance Reader (Biotek, USA).

2.6 Prevention of biofilm formation

Microplates were treated with 200 pL of each product (A, B, C, and D) at their respec-
tive concentrations, followed by incubation for 24 h at 25 and 37 °C. After incubation, the
contents of the wells were removed. Wells treated with detergents (C and D) were washed
with 250 plL of sterile distilled water, as recommended by the manufacturer. The microplates
were then air-dried at room temperature. Then, 200 pL of each pool was added in triplicate,
as previously described. The microplates were incubated for 24 h at 25 and 37 °C. After incu-
bation, the cell suspension was removed, and the microplates were prepared as previously
described. The optical density (OD) of each well was measured at 550 nm using an ELx800
Absorbance Reader (Biotek, USA).
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2.7 Negative, positive, and quality controls

Controls were inoculated in triplicate and were the same for both experiments. Negative
and positive controls were used for all temperatures, concentrations, and contact times. For
negative control (no treatment and no biofilm) only TSB without glucose was inoculated. For
positive control (no treatment) a standard strain of S. Enteritidis (ATCC 13076) and a strain of
S. Heidelberg from our stock collection, previously classified as biofilm producer, were used
in this study.

2.8 Measurement of biofilm prevention and removal effects

The ability of each product to remove formed biofilms or prevent biofilm formation was
evaluated by determining the percentage of biomass removed or not formed in relation to
the untreated control. The prevention and removal of biofilm were calculated using the fol-
lowing formula®:

((C-B) - (T - B)) x 100 (%)
(C-B)

where B is the mean absorbance per well with no treatment and no biofilm (negative
control), Cis the mean absorbance per well without treatment (positive control), and T is the
mean absorbance per well for treated wells for each compound evaluated.

2.9 Statistical analyses

All statistical analyses were performed using GraphPad Prism with a significance level of
5%. The Student's t test was used to compare biofilm removal/prevention between the dif-
ferent temperatures and contact times. One-way analysis of variance (ANOVA), followed by
Tukey's Honestly Significant Difference (HSD) test, was used to detect differences in biofilm
prevention and removal among concentrations and compounds.

3. Results and discussion

The antibiofilm activity of ECAW has been demonstrated against S. Heidelberg for stain-
less steel and polyethylene surfaces!', but not for polystyrene. Considering that bacteria
within biofilms are up to 1,000 times more resistant to antimicrobials than their planktonic
counterpartsi??, it is unlikely that antimicrobial agents are capable of completely inhibit biofil-
ms. An antimicrobial compound can be used as a preventive control measure to stop the at-
tachment of pathogens to abiotic surfaces, or as a curative treatment to remove the formed
biofilm. Therefore, in this study, we evaluated the potential use of ECAW for biofilm removal
and prevention.
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For this study, we selected one QAC disinfectant and two detergents. The compounds
were selected for this study based on their availability in the market and use in the poultry
production chain. Disinfectants and detergents present different mechanisms of action and
purposes in food processing plants. While detergents are used during the cleaning step to
remove the soil from surfaces, disinfectants are used during the sanitization step to reduce
bacterial loads on the surfaces®?’. Thus, the antibiofilm activity of detergents was not com-
pared to that of disinfectant and ECAW. However, because of their importance as a previous
step in the cleaning and disinfection processes, detergents were included in this study to
evaluate their antibiofilm activity. The disinfectant selected for this study acts by disrupting
microbial cell membranes and metabolism, and is considered a broad-spectrum chemical
disinfectant®?. Detergents facilitate the contact between water and the surface by lowering
the surface tension and are used to decompose and loosen the soil from surfaces®’. The
alkaline detergent used contained sodium hydroxide (NaOH). NaOH releases hydroxyl ions,
which promote the saponification of fatty acids and solubilization of proteins, making them
soluble in water®24, Nitric acid, main component of acid detergent, is an inorganic acid that
is an oxidizing agent used to remove complex soils and scale deposits from food processing
plants surfaces®'2>.

The effects of the four compounds evaluated on the in vitro removal of biofilms formed
by S. Heidelberg in polystyrene surface are presented in Table 1.

Table 1. Antibiofilm activity of electrochemically activated water (ECAW) (A), disinfectant based on
polyhexamethylene biguanide hydrochloride and benzalkonium chloride (B), alkaline (C) and acid
(D) detergents on removal of in vitro formed biofilm by Salmonella Heidelberg at 25 and 37 °C in
polystyrene surface.

Mean (%) + standard-deviation

25°C 37°C
Compound Concentration
Contact time (min) Contact time (min)
10 20 10 20
200 ppm 35.53 + 4.4928 51.75+ 3.68" 13.63 £ 9.84* 41.24 +£16.13%
ECAW 250 ppm 22.66 + 0.08** 55.98 + 4.81°A 14.18 £ 4.78 42.78+ 15.38%

Initial solution (350-400 ppm)

0.10%
disinfectant 0.20%
0.50%
0.25%
alkaline detergent 0.50%

1%

40.66 + 9.96%

24,57 +5.02*

25.67 + 3.34

29.44 + 4.90%4

65.41 + 5.47%A

74.99 + 3.94%

77.93 £0.72%®

55.31 + 6.38%
32.70 £ 6.21%4
37.07 £ 6.07*
40.88 + 6.06"*
79.15 £ 1.75%
83.13 £ 3.52%

81.80 + 2.33%4

21.47 £7.79*

30.23 +£42.75%

33.64 + 33.04*

38.18 + 15.34%A

52.26 + 45.22%+

65.67 + 8.84%

76.31 £ 39.65%

55.82 + 18.48
37.33 £15.94
42.83 +17.76
49.29 + 20.66%
69.48 £ 1.03
72.13 £0.90%®

75.84 £ 1.34%
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0.25% 11.12 +£9.15% 20.37 £ 14.06* 15.49 + 5.82% 26.45 + 14.57%A
acid
0.50% 21.16 £ 7.67® 22.88 + 4.25% 24.03 £ 12.19%8 25.16 + 25.98*
detergent
1% 26.09 £+ 6.61% 30.71 £ 5.25% 35.64 + 13.30%® 40.77 £ 11.99%4

Different lowercase letters on the same line indicate statistically significant differences (p<0.05) between contact times (10 min
and 20 min) for the same compound, concentration, and temperature. Different capital letters in the same column indicate
statistically significant differences (p<0.05) among the concentrations for the same product, contact time, and temperature.

In this study, in general, the contact time was important to reducing bacterial adhesion,
except for acid detergent. This influence was observed for ECAW at all temperatures and con-
centrations (p<0.05). For alkaline detergent and disinfectant, significant differences (p<0.05)
were observed at 25 °C for all concentrations. In all cases, biofilm removal was significantly
higher (p<0.05) after 20 min of contact. The influence of contact time on ECAW activity was
previously demonstrated in planktonic cells of S. Heidelberg(”. It is expected that increasing
contact time may result in increased antibiofilm activity, regardless of the compound or bac-
terial species evaluated®?). However, it is noteworthy that increased contact time implies
longer cleaning and disinfection processes in food-processing plants.

The antibiofilm activity of chemical disinfectants depends on their concentration. The
reduction of biofilm cells increases with higher disinfectant concentrations®. In this study,
increasing the product concentration significantly increased bacterial removal at least at one
temperature for ECAW and both detergents. A significant difference (p<0.05) was observed
for ECAW at 25 °C after 10 min of contact. In this case, 250 ppm of the product resulted in a
significant (p<0.05) lower reduction in biofilm removal than stock solution. Similarly, alkaline
detergent at 0.25% resulted in the lowest biofilm removal (p<0.05) after 10 and 20 min of con-
tact at 25 °C and 37 °C, respectively. Finally, the acid detergent at 1% removed significantly
(p<0.05) more biofilm than the lowest concentration (0.25%) after 10 min of contact at both
temperatures.

The influence of temperature was observed for ECAW after 10 min of contact and for
alkaline detergent after 20 min of contact. In both cases, the biofilm removal was significantly
higher (p<0.05) at 25 °C than at 37 °C. Biofilm formation by Salmonella isolates is strongly in-
fluenced by incubation temperatures®”, and previous studies have demonstrated the influen-
ce of temperature on biofilm removal and prevention by several microorganisms®?2”.2, The
expression of some components required for biofilm production, such as curli and cellulose,
occurs mainly at temperatures ranging from 20 to 30 °C, and at higher temperatures there
is an increased bacterial growth rate that may affect biofilm production®”2?9. Furthermore, a
decrease in the treatment temperature is usually followed by a decrease in the efficiency of
disinfectant compounds®®. Thus, in this study, temperature was expected to influence bac-
terial removal and/or prevention. However, temperature did not influence biofilm removal
in almost all cases evaluated.

Comparisons were also made between disinfectant and ECAW and between alkaline
and acid detergents. For comparison, equivalent concentrations (low, recommended/me-
dium, and high) were considered for each temperature. Alkaline detergent presented higher

Ciéncia Animal Brasileira | Brazilian Animal Science, v.25, 78564E, 2024.


https://creativecommons.org/licenses/by/4.0/

Wilsmann D E et al., 2024.

(p<0.05) biofilm removal ability than acid detergent, regardless of the concentration, time of
contact, or temperature, except for 20 min of contact at 25 °C (medium) and 10 min of con-
tact at 37 °C (low). ECAW showed higher (p<0.05) biofilm removal than disinfectant at 25 °C
for low and high concentrations, regardless of the time of contact. The results were similar
for the other conditions (p>0.05).

The effects of the four compounds on the prevention of biofilm formation by S. Heidelberg
are presented in Table 2.

Table 2. Antibiofilm activity of electrochemically activated water (ECAW) (A), disinfectant based on
polyhexamethylene biguanide hydrochloride and benzalkonium chloride (B), alkaline (C), and acid
(D) detergents on the prevention of biofilm formation by Salmonella Heidelberg at 25 and 37 °C.

Mean (%) + standard-deviation

Compound Concentration Temperature (°C)

25

37

200 ppm
ECAW 250 ppm

Initial solution (350-400 ppm)

43.28 + 13.58%

41.43 + 48.49%

48.07 + 25.17%

39.54 +£1.53%

42.65 +2.82

53.71 £9.13%®

0.10% 33.49 £ 9.94%A 4733+ 7.13%

disinfectant 0.20% 38.09 + 10.83* 53.43 +1.87%*
0.50% 39.84 + 16.06* 54.67 + 1.97°*

0.25% 20.71 + 2.46* 19.63 £ 15.76*

alkaline detergent 0.50% 26.39 £ 19.44+ 22.72 £22.80*
1% 48.54 £ 12.16%® 50.69 + 6.02%

0.25% 21.70 £ 18.81%A 43.80 + 8.83%

acid detergent 0.50% 36.27 £ 6.138 43.44 +7.61*

1%

39.49 + 1.46%°

45.68 + 8.53

Different lowercase letters on the same line indicate statistically significant differences (p<0.05) between the temperatures for
the same product and concentration. Different capital letters in the same column indicate statistically significant differences
(p<0.05) among the concentrations for the same product and temperature.

A significant (p<0.05) influence of temperature was observed for acid detergent at 0.25%
and for disinfectant at all concentrations. In both cases, biofilm prevention was significantly
higher (p<0.05) at 37 °C than at 25 °C. Regarding the effect of the compound concentration,
a significant difference (p<0.05) was observed at 37 °C for ECAW, and alkaline detergent. At
25 °C, significant differences (p<0.05) were observed for both detergents. In all cases, the
highest concentration presented significantly (p<0.05) higher biofilm prevention than the lo-
wer concentration.

Similar to the biofilm removal assay, comparisons were made between the compounds
using equivalent concentrations (low, medium, and high) at each temperature. The alkali-
ne detergent showed higher (p<0.05) biofilm prevention than acid detergent at low concen-
trations at both temperatures. At 37 °C, the alkaline detergent presented higher (p<0.05)
biofilm prevention than the acid detergent at a medium concentration. ECAW presented
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similar (p>0.05) biofilm prevention compared to disinfectant, regardless of concentration
and temperature.

Regarding biofilm removal and prevention, both detergents reduced bacterial cell load.
Biofilm removal or prevention is not the main function of detergents; however, these re-
sults demonstrate the importance of the cleaning step during cleaning and disinfection. The
antibiofilm activity of alkaline and acid detergents has been previously demonstrated for
Salmonella, E. coli, Vibrio parahaemolyticus, Pseudomonas aeruginosa, and Enterococcus faeca-
lis on several surfaces®'39, At higher concentrations, alkaline detergent removed/prevented
more biofilm than the acid detergent. This result may be explained by the biofilm composi-
tion. Acid detergents act mainly on minerals, while alkaline detergents act on proteins and
lipids, which are the main components of biofilms®®. Furthermore, the pH of the solution
plays an important role in the removal of biofilms using detergents. Previous studies de-
monstrated that NaOH solutions at pH 11.3 were effective in removing Staphylococcus aureus
biofilms, but this was not observed with HCl solutions at pH 2.567,

In the present study, ECAW presented similar, or even superior, antibiofilm activity to
that of disinfectant for the prevention and removal of S. Heidelberg biofilms. HOCl is the main
component of ECAW; thus, its effectiveness depends on the HOCI concentration, which is
related to the solution pH®&39), ECAW usually presents a greater bactericidal action at low pH
owing to the chemical properties of the outer membrane of bacterial cells, which allow HOCI
to be internalized“4". However, changes in the pH of the solution may affect ECAW activity.
For example, ECAW loses its antibiofilm activity at a pH ranging from 2.5 to 3.5, because
biofilms constitute a diffusion barrier to bactericidal compounds. Thus, its antimicrobial acti-
vity is more complex against biofilms than against planktonic cells®42,

Regardless of the antimicrobial agent, the success of biofilm control is directly associated
with adequate cleaning and disinfection procedures. Thus, it is important to prevent biofilm
formation by removing attached bacteria at the early stages of biofilm formation®3. Most
products fail to control Salmonella biofilms after four days of maturation, because mature
biofilms usually exhibit greater resistance to antimicrobial agents®*44, Furthermore, the pre-
sence of organic matter may influence disinfectant application“. In this context, the use of
ECAW can be an important tool to inhibit bacterial attachment to surfaces and to prevent
biofilm formation. After cleaning and disinfection processes, ECAW remains acting on the
surface, preventing the adhesion of bacterial cells. However, until now, there is no authoriza-
tion for ECAW use as a preventive method in Brazil.

4. Conclusion

The results demonstrated the antibiofilm activity of ECAW on polystyrene surfaces,
which was enhanced with longer contact times and higher product concentrations, as well
as for the other products evaluated. In some cases, ECAW showed greater biofilm removal
than traditional disinfectant. Therefore, this technology presents a potential alternative for
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controlling S. Heidelberg in the food production chain. Further analysis may include investi-
gating the interaction between ECAW and alkaline detergents to enhance antibiofilm activity.
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