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Abstract: Benzalkonium chloride (BAC) is a chlorine-based chemical compound with proven antimi-
crobial properties against bacteria, viruses, and fungi, depending on the length of the alkyl chain. It
can be used as a biocide, as a cationic surfactant, and as a phase transfer agent. The aim of this study
was to investigate the effectiveness of commercial cleaning agents for sanitary areas Bis duo Active
(BDA) with BAC as an active compound in working concentrations of 5% and 20% on the destruction
of bacterial biofilm formed on ceramic tiles. A biofilm of Staphylococcus aureus, Salmonella enterica
serotype Typhimurium, and Listeria monocytogenes were grown on ceramic tiles with dimensions
of 2.5 × 2.5 cm over 24 h. These plates were then treated with working concentrations of BAC for
10 min. After washing, ATP bioluminescence was measured with a luminometer, CFU/cm2 was
determined and the total biomass reduction was measured after crystal-violet staining. Both work-
ing concentrations of benzalkonium chloride proved to be very effective in destroying the created
bacterial biofilm on ceramic tiles. Both treatments caused a reduction in total bacteria number of
up to 3.12 log10CFU/cm2, followed by a reduction in total biomass up to circa (ca.) 64%. Inhibition
rates varied from ca. 28% to ca. 99%, depending on the method and concentration used. Mechanical
cleaning prior or after treatment with BAC is essential to improve biofilm destruction. All methods
used in this study are effective for the determination of the anti-biofilm activity of BAC. Further
analyses are needed.

Keywords: benzalkonium chloride; biofilm; chemical disinfection; food industry

1. Introduction

Benzalkonium chloride (BAC) is a chlorine-based chemical compound with proven
antimicrobial properties against bacteria, viruses, and fungi [1]. Structurally, it is made
of a mixture of alkylbenzyldimethylammonium chloride, in which the alkyl chain has a
different number of carbon atoms, most often n-C12H25 (dodecyl), n-C14H29 (tetradecyl),
and n-C16H33 (hexadecyl) [2]. Antimicrobial activity depends on the length of the alkyl
chain. The C12-homolog is effective against fungi and molds, C14 acts on Gram-positive
bacteria, and C16 on Gram-negative bacteria [3]. Alkylbenzyldimethylammonium chlo-
rides can be used in three main categories: as a biocide, as a cationic surfactant, and as
a phase transfer agent [4]. It is commonly used as a disinfectant in the food industry
and industrial and domestic areas [5], but additional tests are needed before it can be
used as a biocide [6]. Aside from that, the spectrum of benzalkonium chloride usage
is wide, from preservatives in certain consumer products to skin antiseptics and active
ingredients in surgical disinfection [3,7]. Although widely used by the industry, there is
certain evidence about its toxic effects on the pulmonary system, causing ailments such
as bronchoconstriction in asthmatic patients [8]. From a toxicological point of view, in
humans, doses thought to be fatal are 100–400 mg/kg of BAC taken orally or 5–15 mg/kg
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of BAC taken parenterally [9]. It is considered that up to 0.1% concentrations of BAC are
safe to use as an antimicrobial agent [10]. BAC is commonly used in combination with
other quaternary ammonium compounds and in small working concentrations [1,11]. One
of the biggest problems in the food industry is biofilm formation and development, as well
as preventive measures against it [12,13]. Certain food industries, such as dairy factories,
raw milk tanks, pipelines, cheese tanks, butter centrifuges, and pasteurizers, act as surface
substrates for biofilm formation in different environmental factors such as temperature and
air humidity [13,14]. It is easy to conclude that the main locations for biofilm development
depend on factory type, but it is important to emphasize that they can include water, all
types of pipelines, tables, employee gloves, storage silos for raw materials and additives,
etc. [15]. Biofilm is a highly structured cluster of microorganisms that are attached to a
surface and/or to each other and incorporated in a self-produced matrix [16] made mostly
from the exopolysaccharide substance (EPS). EPS forms certain shields over bacteria in
the biofilm matrix and protects them from environmental factors, including disinfection
procedures [17]. Chlorine preparations, such as BAC, belongs to the chemical method of
disinfection [18]. After disinfection, bacteria in the biofilm can secrete more exopolysac-
charide (EPS) to better protect themselves, especially if a disinfecting agent such as BAC is
used in sublethal concentrations or if disinfectant is used not according to manufacturer’s
instructions (not properly diluted) [19], therefore weakening disinfecting action [20]. S. au-
reus, S. Typhimurium, and L. monocytogenes are well-known foodborne pathogens that can
cause foodborne outbreaks and individual food poisoning with a different set of symptoms
and the severity of the disease. All three species can form biofilm on the live or inanimate
surfaces which presents an issue regarding cleaning and disinfection efficacy. Furthermore,
not every disinfecting agent is equally efficient on bacterial biofilm due to the resistance
feature of biofilm [21]. Bacteria within a biofilm have several advantages, among which
stands out that they are 150 to 3000 times more resistant to chlorine preparations [20,22], so
a wise choice of efficient disinfectant is crucial for efficient biofilm removal. Scientific data
on the antimicrobial BAC effect on S. aureus, S. Typhimurium, and L. monocytogenes biofilm
are scarce. Due to that the aim of this research paper was to investigate the anti-biofilm
effect of benzalkonium chloride on bacterial biofilm of selected foodborne pathogens, as
well as to determine the effectiveness of ATP bioluminescence, crystal violet and CFU/cm2

as measurement methods of BAC effectiveness on biofilm.

2. Materials and Methods
2.1. Chemical Reagents and Bacterial Strains

For this research paper, the chemical reagent Bis duo Active (BDA) with benzalkonium
chloride (BAC) as an active ingredient was provided by Saponia d.d., Osijek, Croatia.
Working concentrations of 5% BDA (0.05% BAC) and 20% BDA (0.2% BAC) were made.
Apart from that, neutralizing reagents at pH 9 with thiosulphate and saline were used.
Bacterial strains Staphylococcus aureus ATCC 29213, Salmonella Typhimurium ATCC 14028,
and Listeria monocytogenes ATCC 19115 were provided by the culture collection of the
Department of Microbiology and Parasitology, Faculty of Medicine, University of Rijeka,
Croatia. Strains were held at −80 ◦C in 10% glycerol broth. Before use in the experiment,
the bacteria were plated on Mueller-Hinton agar and cultivated at 37 ◦C for 24 h.

2.2. Preparation of Ceramic Tiles

The top surfaces of ceramic tiles with dimensions 2.5 cm × 2.5 cm were used as a
ceramic surface for bacterial adherence and biofilm formation. The method for biofilm
formation was adopted from and previously described by Ivanković et al. [23] and modified
by Piletić et al. [24]. The biofilm was formed on the top surface of the tiles which were
previously thoroughly brushed and sterilized in an autoclave at 121 ◦C for 15 min. Ceramic
tiles were placed in plastic Petri dishes and covered with liquified agar (2%, v/v), leaving
the top surface of the tiles free and not touched by the agar. Ceramic tiles were used
because they are a very common material found in sanitary facilities in various industries
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and as such, serve as a surface for biofilm development. The bacterial suspensions of
106 CFU/mL for S. aureus, S. Typhimurium and L. monocytogenes in Mueller Hinton broth
were poured over the top surface of the ceramic tiles and then incubated in an orbital
shaker at 40 rpm at 30 ± 5 ◦C for 24 h. After incubation, the ceramic tiles were washed
with a sterile saline solution and dried out in a laboratory safety cabinet for 1 min. Then,
the tiles were removed from agar and washed out with a sterile saline solution and placed
in Petri dishes containing either a 5% solution of Bis duo Active (5% BDA) or 20% solution
of Bis duo Active (20% BDA). Both working concentrations of benzalkonium chloride
were used on all bacterial strains, making sure that the surface of the tiles was completely
covered with disinfectant. After 10 min of exposure, the tiles were moved in new Petri
dishes containing neutralizing agent, 10% sodium thiosulphate solution (Kemika, Zagreb,
Croatia). After 10 min of neutralization, ceramic tiles were moved to sterile tubes. Control
tiles (tiles that were not treated) were directly put from the agar in sterile tubes with 10 mL
of sterile saline solution.

2.3. Determining Total Bacteria Number

To determine the number of cultivable bacteria, the ceramic tiles were put in sterile
tubes which were filled with 10 mL of sterile saline solution and then sonicated in an
ultrasound bath (Bandelin-BactoSonic, Berlin, Germany) at a frequency of 40 kHz for 1 min
to enhance the release of the adhered cells from the tiles. Using a vortex, samples were
homogenized one more time to further enhance the detachment of the remaining cells
from the biofilm. Afterwards, ten-fold serial dilutions were made and later inoculated
onto Mueller Hinton agar and incubated for 24 h at 35 ± 2 ◦C. Inhibition percentages were
calculated using the formula given:

% inhibition = 1 − Ntreatment

Ncontrol
∗ 100 (1)

where Ntreatment is the mean value of all CFU/cm2 or RLU or CV values after treatment,
and Ncontrol is the mean value of CFU/cm2 or RLU or CV values without treatment. The
experiment was performed three times in triplicates.

2.4. Determining RLU Values by ATP Bioluminescence

The surface of the ceramic tiles with formed biofilm was wiped with a 3MTM Clean-
TraceTM Surface ATP Test Swab UXL100 (3M, Saint Paul, MN, USA) swab preimmersed for
1 min in luciferine/luciferase reagent. After one minute, the swab was put in a chamber of
the 3MTM Clean-TraceTM luminometer (3M, Saint Paul, MN, USA). The amount of light
produced was read from the luminometer and was expressed as RLU. Non–treated biofilm
served as the control. Inhibition percentages were calculated using the previously given
formula. The experiment was performed three times in triplicates.

2.5. Determining Biomass Reduction by Crystal-Violet Staining

The controls and treated ceramic tiles were rinsed with sterile saline solution and
then fixated for 30 min at 80 ◦C in a dry heat sterilizer (ST-01/02, Instrumentaria, Zagreb,
Croatia). After fixation, the tiles were stained with 0.1% crystal violet for 20 min. This step
is followed by 15 min of intense mixing and rinsing with 95% ethanol. Afterwards, the
optical density (OD) was measured on a spectrophotometer (Eppendorf, Biophotometer,
model #6131, Hamburg, Germany) at a wavelength of 600 nm. Inhibition percentages were
calculated using the previously given formula. The experiment was performed three times
in triplicates.

2.6. Statistical Analysis and Graphing

To determine if there was any statistically significant difference between control and
treated ceramic tiles, Wilcoxon signed-rank test was performed (p < 0.05). To determine if
there was any statistically significant difference between treatments, the Kruskal–Wallis
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multiple comparison test (p < 0.05) was performed. To see if there was any statistically
significant difference between the two treatments within one bacterium, the Mann–Whitney
H test was performed (p < 0.05). Statistical analysis was done using the software TIBCO
Statistica 14.0.0. (StatSoft Inc., Tulsa, OK, USA). Graphing was done using GraphPad Prism
version 9.4.1 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Reduction of the Number of Cultivable Bacteria Caused by 5% and 20% BDA

All tested bacteria formed biofilm on ceramic tile surfaces, and the number of bacteria
varied from 7.0 × 107 CFU/cm2 to 1.3 × 108 CFU/cm2 (Figure 1A). A disinfection treatment
with both 5% and 20% solution of Bis duo Active significantly reduced the number of
cultivable bacteria in the biofilm. Numbers of cultivable bacteria are shown in Figure 1A
(control groups) and the reduction values after treatment with working concentrations of
BDA are shown in Figure 1B.
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Figure 1. L. m. represents Listeria monocytogenes, S. T. Salmonella Typhimurium, and S. a. Staphylococcus
aureus. (A) Number of cultivable bacteria for each strain (control groups). There is no statistically
significant difference between each strain on untreated ceramic tiles (p > 0.05). (B) CFU/cm2 reduction
results presented for 5% and 20% working concentration of BDA (Bis duo Active). Results are shown
as a mean value with standard deviation. The lowercase letters, a and b, express the statistically
significant difference between treated bacteria within same concentration of BAC (Kruskal–Wallis H
test, p < 0.05). The capital letters, A and B, mark the statistically significant difference between 5%
and 20% solution of BDA treatment within same bacterium (capital letter A for S. Typhimurium and
capital letter B for S. aureus) (Mann–Whitney U test, p < 0.05).

Considering the calculated log10CFU/cm2 values, the working concentration of 5% BDA
reduced the number of bacteria for approximately 1.7 log10CFU/cm2 to 2.5 log10CFU/cm2

depending on the bacterial strain, L. monocytogenes being most sensitive strain. S. aureus was
the most sensitive strain to the 20% working concentration of BDA, which caused reductions
for 3.12 log10CFU/ cm2, while S. Typhimurium was the most resistant strain for both working
concentrations.

3.2. Biological Activity Significantly Reduced by Working Concentrations of BDA Measured with
ATP Bioluminescence

Biological activity measured using the ATP bioluminescence method showed a sta-
tistically significant reduction in biomass after disinfection treatments with both working
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solutions of BDA in comparison to the control group. A significant difference between
different bacteria was observed (p < 0.05) (Figure 2).
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Figure 2. L. m. represents Listeria monocytogenes, S. T. Salmonella Typhimurium, and S. a. Staphylococcus
aureus. RLU values get by ATP bioluminescence method for all bacterial strains. Results are expressed
as a mean value with standard deviation. Lowercase letters, a–e, express statistically significant
difference between treated bacteria within control group or same concentration of BDA (Kruskal–
Wallis H test, p < 0.05). The capital letters, A–C, mark the statistically significant difference between
5% and 20% solution of BDA treatment within same bacterium (capital letter A for L. monocytogenes,
capital letter B for S. Typhimurium, and capital letter C for S. aureus) (Mann–Whitney U test, p < 0.05).
Asterisk (*) shows a statistically significant difference between the control group and either 5% or
20% treatment for specific bacteria (Wilcoxon signed-rank test, p < 0.05).

Considering the ATP bioluminescence method, the RLU values on non-treated ceramic
tiles varied from approximately 2250 to 3500 RLU depending on the bacterial strain, while
after 5% BDA disinfection treatment, measured values were far under 500 RLU and after
20% BDA disinfection treatment the values are under 120 RLU for all treated bacterial
strains. Again, the most resistant strain was S. Typhimurium, while the most sensitive was
S. aureus.

3.3. Biomass Reduction by Working Concentrations of BAC Measured with Crystal Violet Staining

The total biomass reduction was observed for all tested bacteria after disinfection
treatment with 5% and 20% working solution of BDA. The reduction was statistically
significant in comparison to the control group for all tested bacteria except for the S. aureus
biofilm treated with the 5% solution of BDA (p < 0.05) (Figure 3).

There was no statistically significant difference between a 5% BDA and 20% BDA
disinfection protocol within the same bacterium strain for all tested strains. There was a
statistically significant difference between either 5% or 20% BDA compared to the control
group for each strain, except for the S. aureus ceramic tile treated with 5% BDA (p < 0.05).
Standard deviations are larger, which is not strange considering that this staining is not
very precise.

To determine changes in biofilm morphology after treatment with 5% and 20% BDA,
light microscopy was performed. Morphological changes in biofilm density on ceramics
were found for all tested bacterial strains in comparison with the control (Figure 4). Biofilm
destruction and detachment from ceramic tiles were pronounced after treatment with 20%
BDA for all tested strains.
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Figure 3. L. m. represents Listeria monocytogenes, S. T. Salmonella Typhimurium, and S. a. Staphylococcus
aureus. Optical density values at 600 nm before and after treatments. Results are expressed as a mean
value with standard deviation. Asterisk (*) expresses a statistically significant difference between the
control group and either 5% or 20% BDA treatment for specific bacteria (Wilcoxon signed-rank test,
p < 0.05).
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Figure 4. L. m. represents Listeria monocytogenes, S. T. Salmonella Typhimurium, and S. a. Staphylococcus
aureus. Crystal violet staining of biofilm before (control-CTRL) and after treatments with 5% and 20%
Bis duo Active (BDA). The dark blue stains present the biomass particles stained with crystal violet.
Magnification 20×. Visualizing was done using inverted microscope.
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3.4. Biofilm Inhibition Rates Varied Using Different Detection Methods

The inhibition percentages were calculated for both 5% and 20% Bis duo Active
working solutions in comparison to the control group separately for each method used.
Inhibition rates varied from circa (ca.) 28% to ca. 99% depending on the used method
(Table 1).

Table 1. Inhibition percentages for used bacteria for 5% and 20% BDA. Results are expressed as %.

L. monocytogenes S. Typhimurium S. aureus

5% BDA 20% BDA 5% BDA 20% BDA 5% BDA 20% BDA

CFU/cm2 99 99 98 99 99 99
RLU 91 98 86 96 95 98
CV 52 57 58 64 28 43

4. Discussion

Benzalkonium chloride (BAC) is a chlorine-based chemical compound with proven
antimicrobial properties against bacteria, viruses, and fungi. It is considered that concentra-
tions of BAC up to 0.1% are safe for human use [9]. Appropriate disinfecting protocols for
infection prevention are crucial almost everywhere, especially in the food industry. One
of the most common foodborne pathogens in food industries are Staphylococcus aureus,
Salmonella Typhimurium, and Listeria monocytogenes. Forming biofilm on different surfaces,
they become more resistant to environmental factors and are better attached to the substrate
surface which means they are harder to remove [25]. Furthermore, scientific data on this
topic are scarce, so, considering those facts, anti-biofilm activity of BAC on S. aureus, S.
Typhimurium, and L. monocytogenes was investigated with working concentrations of 5%
and 20% BAC during 10 min of exposure. According to the results from this investigation,
BAC is efficient as a disinfecting agent against formed biofilm, however, not enough for
full biofilm eradication. Even when used in working concentrations, BAC was unable
to fully eradicate biofilm, once again corresponding to previous studies on biofilm re-
sistance to disinfectants [19–22,24–26]. Numerous mechanisms of biofilm resistance are
still ongoing issues in scientific community but some of the determined factors worth
mentioning are EPS overproduction and frequent usage of the same disinfectants in diluted
concentrations (sub-lethal) [26]. Furthermore, BAC treatment in different concentrations
can result in the formation of the viable but not cultivable state of bacteria (VBNC); there-
fore, to better determine its anti-biofilm effect, authors also investigated the effectiveness
of crystal violet staining and ATP bioluminescence as additional methods for bacterial
biomass determination.

All used methods (total viable bacteria count, ATP bioluminescence, and crystal violet
staining) showed efficiency in the determination of the anti-biofilm effect of BAC on the
formed biofilm of chosen pathogens, but with certain variations and limitations. The total
bacterial count showed the greatest inhibition rates, followed by ATP bioluminescence and
crystal violet for all tested pathogens. This variation in inhibition rates between methods
can be explained by the very nature of each method and its measuring focus. Both ATP
bioluminescence and crystal violet can be used as additional methods for biomass determi-
nation, enumerating live cells, dead cells, EPS, and VBNC cells; therefore, inhibition rates
measured with these methods are smaller when compared to total viable bacteria count. The
same results were previously described by Piletic et al. for the gaseous ozone anti-biofilm
effect on K. pneumoniae biofilm [24]. Furthermore, not every method is evenly precise.

For example, crystal-violet staining is not a very precise method for detecting total
biofilm biomass. This staining is one of the most extensively used methods for the quan-
tification of biofilm biomass, but it has some limitations, such as unspecific binding to
negatively charged molecules and low reproducibility due to uneven dye extraction or
differential removal of biofilm biomass throughout the washing steps [27]. Due to that,
some studies suggest using fluorescence staining instead [27]. On the other hand, CFU is
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considered and used as a gold standard method which has the advantage that only viable
bacteria are counted as the CFU excludes dead bacteria and debris. The disadvantage of
this method is that sometimes clusters of bacteria can be miscounted as single colonies
and, consequently, the results can be wrong and misinterpreted [28]. ATP bioluminescence
is a fast, easy and highly sensitive method which gives an insight into the amount of
light produced by biofilm by virtue of ATP reaction with luciferine and luciferase [29,30].
In addition to ATP from microorganisms, ATP from product residues on the surface is
also measured. ATP bioluminescence shows good results in the detection of biofilm on
ceramic tiles of all three tested bacteria and, after treatment with a cleaning agent, shows a
very good reduction in value. The negative side of this method is the lack of determined
standards, or reference values, especially for microbiological compliance of food, feed, and
microbiological standards for surface cleanliness. Another disadvantage is the possibility
of a false positive result. When taking a swab, it may happen that a surface that is not
of interest is wiped, and certain microorganisms from that surface may react with the
luciferin reagent and give a result that is not relevant to research [31]. Although certain
variations in used methods were observed, keeping in mind advantages and disadvan-
tages, all methods are effective for the determination of the disinfecting agents anti-biofilm
activity, especially in the determination number of viable, dead and VBNC bacterial cells.
Because this disinfecting agent is a combined agent for cleaning also sanitary facilities, such
as toilets, bathrooms, and wardrobes, the authors recommend adequate cleaning protocols
for changing rooms and sanitary facilities in food industries to prevent the fecal–oral route
of transmission of foodborne pathogens.

5. Conclusions

Though our results indicate that working concentrations (5% and 20%) of Bis duo
Active are not sufficient to fully mitigate S. aureus, S. Typhimurium, and L. monocytogenes
biofilm from ceramic surfaces, it indeed significantly reduced the number of bacteria
present (p < 0.05), and 20% BDA proved to be more effective for biofilm destruction than
5% BDA.

Since most efficacy standards prescribe testing on planktonic forms of bacteria, we
recommend that biofilm on different surfaces should be tested for benzalkonium chloride
efficiency. A longer time of exposure (more than 10 min) should be tested because of the
resistance of bacteria in biofilm, but that is something for further investigation. We would
also like to emphasize the importance of mechanical cleaning, which is crucial for the
destruction of biofilms.
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Abbreviations

BAC benzalkonium chloride
BDA Bis duo Active
ca. circa
CFU/cm2 colony forming unit per square centimeter
CV crystal violet
EPS exopolysaccharide
L. m. Listeria monocytogenes
OD optical density
RLU relative light units
S. T. Salmonella Typhimurium
S. a. Staphylococcus aureus
VBNC viable but not cultivable state of bacteria
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