microorganisms

Article

Effect of Bacteriophages against Biofilms of Escherichia coli on
Food Processing Surfaces

Ana Bras ¥, Marcia Braz 1

check for
updates

Citation: Bras, A.; Braz, M.; Martinho,
L; Duarte, J.; Pereira, C.; Almeida, A.
Effect of Bacteriophages against
Biofilms of Escherichia coli on Food
Processing Surfaces. Microorganisms
2024, 12, 366. https://doi.org/
10.3390/ microorganisms12020366

Academic Editor: Simon Swift

Received: 31 December 2023
Revised: 4 February 2024
Accepted: 7 February 2024
Published: 10 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Inés Martinho, Joao Duarte, Carla Pereira *'© and Adelaide Almeida *

Department of Biology, CESAM, Campus Universitdrio de Santiago, University of Aveiro, 3810-193 Aveiro,
Portugal; ana.bras12@hotmail.com (A.B.); marciabraz96@ua.pt (M.B.); imartinho@ua.pt (LM.);
j-macedoduarte@ua.pt (J.D.)

* Correspondence: Correspondence: csgp@ua.pt (C.P.); aalmeida@ua.pt (A.A.)

 These authors contributed equally to this work.

Abstract: The bacterial adhesion to food processing surfaces is a threat to human health, as these
surfaces can serve as reservoirs of pathogenic bacteria. Escherichia coli is an easily biofilm-forming
bacterium involved in surface contamination that can lead to the cross-contamination of food. Despite
the application of disinfection protocols, contamination through food processing surfaces continues
to occur. Hence, new, effective, and sustainable alternative approaches are needed. Bacteriophages
(or simply phages), viruses that only infect bacteria, have proven to be effective in reducing biofilms.
Here, phage phT4A was applied to prevent and reduce E. coli biofilm on plastic and stainless
steel surfaces at 25 °C. The biofilm formation capacity of phage-resistant and sensitive bacteria,
after treatment, was also evaluated. The inactivation effectiveness of phage phT4A was surface-
dependent, showing higher inactivation on plastic surfaces. Maximum reductions in E. coli biofilm
of 5.5 and 4.0 log colony-forming units (CFU)/ cm? after 6 h of incubation on plastic and stainless
steel, respectively, were observed. In the prevention assays, phage prevented biofilm formation in
3.2 log CFU/cm? after 12 h. Although the emergence of phage-resistant bacteria has been observed
during phage treatment, phage-resistant bacteria had a lower biofilm formation capacity compared
to phage-sensitive bacteria. Overall, the results suggest that phages may have applicability as surface
disinfectants against pathogenic bacteria, but further studies are needed to validate these findings
using phT4A under different environmental conditions and on different materials.

Keywords: Escherichia coli; bacterial biofilm; bacteriophages; surface decontamination; plastic;
stainless steel; food safety

1. Introduction

Despite advances in food hygiene techniques and pathogen surveillance, foodborne
diseases are still a serious global public health problem [1,2]. The World Health Organiza-
tion (WHO) estimates that around 420,000 people die each year from foodborne diseases,
with an impact of USD 110 billion on the global economy [3].

Escherichia coli is a non-pathogenic commensal bacterium known for its adaptability
and diversity due to its ability to colonize both human and non-human gastrointestinal
systems [4]. However, certain E. coli, particularly E. coli O157:H7, are pathogenic and
produce toxins that cause disease with severe symptoms [5]. This bacterial strain has a
great capacity to develop resistance since it accumulates resistance genes, mostly through
horizontal gene transfer, being frequently multidrug resistant [6]. Pathogenic E. coli strains
become aggregated and are difficult to eradicate due to the formation of biofilms [7]. It is
well known that bacteria in biofilms behave differently from planktonic cells, particularly
in response to antibiotic treatment, being able to persist and re-emerge after drug exposure
due to many factors, including reduced penetration of the chemicals in biofilms [8].

Pathogenic E. coli is one of the major bacterial contaminants associated with foodborne
infections [1,2], causing serious harm to human health and huge losses to the food industry
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and economy. This bacterium is transmitted almost exclusively through fecal contamina-
tion of food and water but can also be transmitted through human contact during food
processing or cross-contamination of food surfaces [9].

According to the European Food Safety Authority (EFSA), Shiga toxin-producing E.
coli (STEC) was the third most frequently detected pathogen in food companies in the
European Union in 2021, with E. coli O157:H7 being one of the most problematic STEC
serogroups [5]. One of the major problems in controlling STEC outbreaks is the low
infectious dose required to cause infection. This means that even minor contamination of
surfaces or work areas can lead to serious infection, posing a significant public health risk.
Of the 6084 cases of human STEC infections, 901 hospitalizations and 18 deaths have been
reported, mainly due to consumption of contaminated food and water and contact with
infected animals. Approximately 5 to 10% of people infected with E. coli O157 develop
hemolytic uremic syndrome and acute renal failure. In some cases, dialysis treatment and,
in more severe cases, kidney transplantation may be required, reducing the quality of
life [10,11] and leading to high treatment costs [2,12].

The formation of E. coli biofilms has a significant impact on industrial processes, with
negative consequences for food safety and subsequent economic losses [13]. The biofilm
increases the possibility of cross-contamination with E. coli in the food [11]. Some stud-
ies have shown that E. coli biofilm is present in almost all phases of the processing and
production of food and can cause biological contamination of piping and damage in the
equipment, therefore contaminating food [7-10]. Biofilm is composed of microbial colonies
and self-produced extracellular polymeric substances (EPS), where microorganisms of the
same or different species are spontaneously involved in their self-produced EPS matrix,
which provides resistance to the external environment stress and reduces the effectiveness
of mechanical action and commonly used disinfectants [14-16]. Studies show that once a
microbial biofilm is formed, the resistance of bacteria to disinfectants increases by 500 times,
suggesting that, in the presence of biofilms, the exposure time and concentration of disin-
fectants must be increased by 10-100 times to kill bacteria, when compared to bacteria in
its planktonic state.

STEC biofilms have been associated with an increased tolerance to common sanitizers
such as chlorine and quaternary ammonium compounds, probably due to a combination of
bacterial resistance mechanisms [17,18]. Several decontamination strategies, including the
use of chemical disinfectants (such as sodium dichloroisocyanurate, quaternary ammonium
compounds, chlorine, peracetic acid, and lactic acid), heat treatment (pasteurization),
washing (water), and chilling, are commonly used during food processing to reduce
the risk of pathogens entering the food chain [11,19]. However, these strategies are not
completely effective. The use of chemicals can create a risk of cross-contamination, affect
food quality, have a negative impact on the environment, and damage or leave residues
on treated surfaces [1,12,20,21]. Moreover, the massive use of chemicals can promote the
development of resistance in bacterial communities, therefore compromising food safety
and, consequently, public health [22]. One of the most promising alternatives for the
prevention and control of bacterial biofilm formation in the food industry is the use of
phages (bacterial viruses) capable of lysing biofilm-forming bacteria.

Phages are viruses that strictly infect bacteria and are incapable of self-replication
since they do not possess the metabolic machinery needed to generate energy and produce
proteins, needing to take over the biochemical machinery of a permissive host cell in order
to replicate [23,24]. Phages are self-replicating as well as self-limiting since they replicate
exponentially as bacteria and decline when the number of bacteria decreases [25,26], being
considered the most abundant biological entities on the planet. Lytic phages are used as
bactericidal agents for biocontrol purposes because of their ability to infect and lyse their
bacterial host cells in a highly specific manner, killing them rapidly and releasing newly
formed phage particles at the end of the cycle [2,12,27,28]. This process confers phages
their antibacterial activity. Phage treatment has several potential advantages over the use
of disinfectants and other decontamination strategies. They can be used to lyse bacteria
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with the advantages of being highly specific and therefore cause less damage to the natural
microbiota, safe and non-toxic/non-allergic, and have great potential in the defense and
removal of pathogenic bacterial biofilms [29-31]. Phages are capable of destroying the
bacterial hosts and, therefore, preventing the formation of biofilm [32]. Phages could also
penetrate existing biofilm and eliminate the biofilm structure with or without killing the
resident bacteria [32]. Some phages possess polysaccharide depolymerases, which are
specific hydrolytic enzymes that can use polysaccharides or polysaccharide derivatives
as substrate, facilitating the process of bacterial infection in the polymeric matrix of the
biofilm by phages [12,21]. Despite the several advantages of using phages, there are
still limitations regarding their application, namely the emergence of phage-resistance
mechanisms by bacteria and the lack of definitive guidelines and regulations for phage
application, although the latter does not affect the food industry as much as it affects
other sectors.

Since 2006, when the US Food and Drug Administration (FDA) approved ListShield™,
a phage-based product for the control of Listeria in meat and poultry products, there has
been a significant increase in research and development of new phage-based technologies
for the control of various pathogens in post-harvest foods [27]. This resulted in the devel-
opment and approval of phage products like SalmoLyse®, EcoShield™, and ShigaShield™
from Intralytix Inc. (Baltimore, MD, USA); PhageGuard Listex™, PhageGuard S™, and
PhageGuard E™ from Micreos Food Safety (Wageningen, The Netherlands) and SalmoPro®
from PhageLux (Montreal, QC, Canada) for application in food [1,33]. The application
of lytic phages has also been suggested as a method of mitigating E. coli in foods like
milk [34,35], beef [36-38], tomato [38], broccoli [38], spinach [38], lettuce [39-41], can-
taloupes [41], lamb and mutton [42], and bivalves [43,44]. However, there are few studies
on the use of phages to control E. coli biofilms on different processing surfaces [21,45-48].

Thus, this work evaluated the effect of phT4A phage on the prevention and reduction
of E. coli biofilm formation on two different surfaces (plastic and stainless steel). Since
the main concern with phage therapy is the growth of phage-resistant mutants [49], the
ability of phage-sensitive and resistant bacteria to form biofilm after phage exposure was
also investigated.

2. Materials and Methods
2.1. Bacterial Strain and Growth Conditions

In this work, the E. coli ATCC 13706 strain, the host of the phage phT4A, was used to
contaminate the different tested surfaces. Another E. coli strain, ATCC 25922, was used to
compare biofilm formation with that of the test bacterium (E. coli ATCC 13706), as this strain
is used as a model organism for biofilm formation since it is classified in the literature as a
strong biofilm producer [50,51]. Both bacterial strains were purchased from the American
Type Culture Collection (ATCC). Bacterial cultures were maintained in Tryptic Soy Agar
(TSA) (Liofilchem, Roseto degli Abruzzi, Italy) at 4 °C. Prior to the assays, a colony was
aseptically transferred to a flask containing 30 mL of Tryptic Soy Broth (TSB) (Liofilchem,
Roseto degli Abruzzi, Italy) which was then placed at 37 °C, under stirring at 120 rpm
for 24 h, until it reaches about 10° colony-forming units per milliliter (CFU/mL). This
procedure was performed in all assays.

2.2. Phage Stock Preparation

The phage used in this work was phage phT4A, isolated in previous work from
wastewater from the Aveiro region (station EEIS9 of SIMRIA Multi Sanitation System of
Ria de Aveiro), using E. coli ATCC 13706 as host [52]. The new phage stock was prepared
in Saline Magnesium (SM) buffer [0.1 M NaCl (Sigma-Aldrich, St. Louis, MO, USA),
8 mM MgSOy (Sigma-Aldrich), 20 mM Tris-HCl (Sigma-Aldrich), pH 7.5], according to the
method described by Costa et al. (2019) [53], with some modifications. Briefly, 200 uL of an
E. coli culture in the exponential growth phase was added to 5 mL of 0.6% TSB [30 g/L TSB
(Liofilchem), 6 g/L agar (Liofilchem), 0.05 g/L CaCl, (Sigma-Aldrich), 0.12 g/L MgSO,
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(Sigma-Aldrich), pH 7.4] and poured into a plate containing TSA. After solidification,
100 pL of a previously prepared phage stock was placed in Petri dishes and incubated for
at least 8 h at 37 °C. This procedure was repeated on several plates. After incubation, the
surface layer of the plates was removed and transferred to a flask containing SM buffer,
which was incubated for 24 h at 60 rpm. Then, the entire content was distributed into falcon
tubes and centrifuged at 10,000 rpm for 10 min to remove intact bacteria or bacterial debris.
The phage stocks were also subjected to a filtration process using a polyether sulfone
membrane with a 0.22 pm pore size. Phage suspension was stored at 4 °C.

The titer of the new phage suspension was determined using the double-layer agar
technique [54]. Successive dilutions of the phage suspension were performed in Phosphate
Buffer Saline solution [PBS: 137 mmol~! NaCl (Sigma-Aldrich), 2.7 mmol~! KCI (Sigma-
Aldrich), 8.1 mmol~! NayHPO,-2H,0 (Sigma-Aldrich), 1.76 mmol ! KH,PO, (Sigma-
Aldrich), pH 7.4]. Five hundred microliters of each dilution (in duplicate) and 200 pL of
fresh bacterial culture were mixed with 5 mL of 0.6% TSB and placed on TSA plates. The
plates were incubated at 37 °C for approximately 8 h, and the number of plaques was
counted in the most appropriate dilution. The results were expressed in plaque-forming
units (PFU)/mL.

2.3. Formation of Biofilms

The biofilm formation on plastic or stainless steel was performed in a 96-well plate or
bars (2 cm X 1 cm), respectively, based on the methods previously described by Mukane
et al. (2022), Park and Park (2021) and Sadekuzzaman et al. (2017) [55-57] with some
modifications. Briefly, 200 uL of grown E. coli culture were transferred to each well of a
96-well plate, or 5 mL were transferred to sterilized tubes, depending on the assays on
plastic or stainless steel, respectively. The plates or tubes (after bars submerging) were
incubated without agitation for 24 h at 37 °C, the ideal growth temperature for E. coli. At
this temperature, the formation of a mature and well-structured biofilm can be expected.
In addition, incubation of biofilms at optimal temperatures could trigger rapid growth of
bacteria in the biofilm. After incubation, suspended cells were removed, and the wells or
bars were washed three times with PBS to remove all planktonic or non-adherent bacteria.

2.4. Characterization of Bacterial Capacity of Biofilm Formation

Biofilm formation was performed in 96-well microplates as described in Section 2.3.
This procedure was carried out for E. coli ATCC 13706 and E. coli ATCC 25922. Biofilm
formation was evaluated by crystal violet assay according to Mangieri et al. (2021), Mukane
et al. (2022), and Coffey and Anderson (2014), with some modifications [56,58,59]. Briefly,
the wells were stained with 0.1% crystal violet for 15 min, washed three times with PBS,
and allowed to dry overnight at room temperature. As suggested by Coffey and Anderson
(2014) [59], overnight drying was found to be the best option to properly dry the samples
and allow for proper observation of the biofilm formation by each bacterial strain under an
optical inverted microscope (MOTIC AE31). After the 96-well plates were dry, 125 pL of
30% acetic acid were added to solubilize crystal violet for 15 min. The 125 uL of solubilized
crystal violet were transferred to a new microtiter plate and the optical density (OD) was
read at 540 nm using a plate reader (Thermo scientific, Multiskan FC). This procedure was
repeated up to the stage of staining the wells with crystal violet in new 96-well plates to
observe the differences in biofilm formation between the two strains under an inverted
microscope (MOTIC AE31). The OD values allowed us to assess not only the ability
to form biofilm but also the amount of biofilm produced by each bacterial strain. The
biofilm formation capacity parameter was evaluated according to the method by Mukane
et al. (2022) [56]. This is based on comparing the absorbance value at ODs49 nm of the
negative control (OD¢) with the absorbance value at ODsy0 ny, of the wells containing the
bacteria (ODg). Thus, the ability of bacteria to form biofilm can be classified into four
categories: non-former (ODg < OD¢), weak former (ODc < ODg < 20D¢), moderate
former (20D¢ < ODg < 40Dc), strong former (4OD¢ < ODc). The parameter to evaluate
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the amount of biofilm formed (BF), by Mangieri et al. (2021) [58], was also applied and
is based on the equation: BF = BC/CW, where BC is the absorbance value at ODs40 nm
of stained adherent bacteria while CW is the absorbance value at ODsyg ,m, of the control
wells only stained and free of bacteria BF values are categorized according to the amount
of biofilm formation as strong: BF > 6, moderate: 5.99 > BF > 4, weak: 3.99 > BF > 2, and
negative: BF < 2.

2.5. Formation and Quantification of the E. coli Biofilm on Plastic and Stainless Steel

The biofilm formation on plastic or stainless steel was performed in a 96-well plate or
bars (2 cm x 1 cm), respectively, as described in Section 2.3. For biofilm quantification, the
plate (containing 200 uL of new TSB medium) or bars (in new sterilized tubes containing
5 mL of new TSB medium) were placed in the sonicator (BANDELIN, SONOREX SUPER
RK 102 H) for 10 min. Aliquots were then collected, dilutions were made, and seeded
by the drop-plate method (two drops of 10 pL each) on plates containing TSA. After the
incubation period of 24 h at 37 °C, the bacterial colonies were counted, and the results were
expressed in CFU/cm?.

2.6. Efficacy of the phT4A Phage in the Reduction of E. coli Biofilm on Plastic and Stainless Steel

The biofilm reduction assays were performed in 96-well plates or bars based on the
methods already described in the literature for this type of assay by Park and Park (2021)
and Zhu et al. (2022), with some modifications [60,61]. Biofilm formation was performed
in 96-well microplates or bars as described in Section 2.3. Phage phT4A was added to
the phage control and test sample (containing both bacterial biofilm and phage) at a final
concentration of 10° PFU/mL to obtain a multiplicity of infection (MOI) of 10. Two controls
were included: bacteria control and phage control. The bacteria control was inoculated
with E. coli but not with phage, and the phage control was inoculated with phage phT4A
but not with bacteria. As food is often handled at room temperature closer to 25 °C in
the food industry, test samples and controls were incubated under the same conditions at
25 °C without agitation. After 0, 6, 12, and 24 h of incubation, the 96-well plates or bars
were placed in the sonicator (BANDELIN, SONOREX SUPER RK 102 H) for 10 min, and
aliquots were collected and diluted in PBS. Phage titer was determined by the double-layer
agar method at 37 °C after 8 h. Bacterial concentration was determined in triplicate in solid
TSA medium after 24 h at 37 °C using the drop-plate method. Bacterial colonies or phage
plaques were counted at the most appropriate dilution, and the results were expressed as
CFU/cm? or PFU/cm?, respectively. Three independent experiments were performed on
different dates, with three replicates in each condition.

Colonies of the test samples (BP) in plastic were picked and purified by successive
sub-culturing in TSA to remove attached phage particles. The bacterial sensitivity of
these colonies to phage after phage exposure was evaluated using the spot test procedure.
Briefly, three hundred microliters of bacterial culture previously inoculated in TSB 0.6%
agar were overlaid on solid TSA and spotted with 10 uL of the phage suspension. The
plates were incubated at 37 °C for 8 h. Two resistant colonies (spot test negative) and two
sensitive colonies (spot test positive) were selected for further experiments (as described in
Section 2.8).

2.7. Efficacy of phT4A Phage in the Prevention of E. coli Biofilm on Plastic

The ability of phT4A phage to prevent biofilm formation by E. coli was tested according
to the protocol described by Zhu et al. (2022), with some modifications [60]. To obtain
a MOI of 10, bacterial suspension at a final concentration of 108 CFU/mL and phage at
a final concentration of 10° PFU/mL were added to the wells of a 96-well plate. Two
controls were included: phage control and bacteria control. The test sample and controls
were incubated at 25 °C without agitation. After incubation, the plates were placed in the
sonicator (BANDELIN, SONOREX SUPER RK 102 H) for 10 min. Bacterial concentration
was determined at time zero and after 12, 24, 30, 36, and 48 h of incubation as described
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above (see Section 2.6). Phage titer in the phage control and in the presence of the host
was determined at time zero and after 12 and 48 h of incubation as described above (see
Section 2.6). This assay was repeated three times on different dates, with three replicates in
each condition.

The formation of biofilm was evaluated according to the crystal violet method, as
described in Section 2.4. The plates were observed by inverted microscopy (MOTIC AE31).

2.8. Evaluation of the Biofilm Formation Ability of Resistant and Sensitive Bacteria to
phT4A Phage

The biofilm formation capacity of mutant phage-resistant and sensitive bacteria was
evaluated according to the method described by Filippov et al. (2011), with some alter-
ations [62], using the viable cell counting and crystal violet staining method. First, two
phage-resistant and sensitive colonies from an assay of biofilm reduction were isolated (see
Section 2.6). Then, resistant and sensitive bacteria and a bacteria control (bacteria without
contact with the phage phT4A) were allowed to grow as described in Section 2.1. Then,
the capacity of biofilm formation of these different cultures was evaluated by crystal violet
assay, as described in Section 2.4. Also, the amount of biofilm formed was quantified as
described in Section 2.5 at time 0 and after 24 h. Three independent experiments were done
on different dates, with three replicates in each condition.

2.9. Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 8.4.3 program, San
Diego, CA, USA. Confirmation of the normal distribution of data was carried out using
the Kolmogorov-Smirnov test, and homogeneity of variances was confirmed using the
Welch test. To evaluate statistically significant differences between the bacteria control,
phage control, and the respective treatment groups (Sections 2.5-2.7), a two-way ANOVA
complemented with the test Sidak (x = 0.05) was performed. For the different treatments,
the significance of the differences was assessed by comparing, at a given moment, the result
obtained in the treatment group with the result obtained for the corresponding control
group. Differences between phage-resistant bacteria, phage-sensitive bacteria, and the
control group were assessed for each sampling time using a two-way ANOVA (Section 2.8).
A value of p < 0.05 was considered statistically significant.

3. Results
3.1. Characterization of Bacterial Capacity of Biofilm Formation

Table 1 includes the absorbance values at 540 nm necessary for further characterization
of the bacterial ability to form biofilm.

Table 1. Optical density (ODsy0 nm) to characterize the intensity of biofilm formed.

ATCC 13706 ATCC 25922
Stained adherent bacteria (BC or ODg) 1.381 0.221
Acetic acid + Crystal violet (CW) 0.087
TSB (OD,) 0.040

BC—absorbance value at ODsyg nm of stained adherent bacteria.

Considering the method that compares the OD obtained in the negative control OD¢
to the one obtained in the wells containing the bacteria ODg, E. coli ATCC 13706 has
40D¢ < ODg and is classified as a strong biofilm-forming bacterium. On the contrary, E.
coli ATCC 25922 has OD¢ < ODg < 20D¢ and is therefore classified as a weak biofilm-
forming bacterium. According to the equation BF = BC/CW and the values obtained from
the averaged optical density of three assays (Table 1), E. coli ATCC 13706 presents BF > 6,
and the biofilm formed by this bacterium is categorized as a strong biofilm. On the other
hand, E. coli ATCC 25922 presents 2 < BF < 3.99, so the biofilm formed by this bacterium is
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categorized as a weak biofilm. The biofilm formed by each E. coli strain was observed after
24 h of incubation under an inverted microscope (MOTIC AE31) (Figure 1).

(a) (b)

Figure 1. Observation of the biofilms formed by the different strains after 24 h of incubation under
an inverted microscope (MOTIC AE31). (a) E. coli ATCC 13706, with 200 x magnification; (b) E. coli
ATCC 25922, with 100 x magnification.

3.2. Efficacy of the phT4A Phage in the Reduction of E. coli Biofilm on Plastic and Stainless Steel

The effect of phT4A phage on reducing E. coli biofilm formed on plastic and stainless
steel surfaces is shown in Figures 2 and 3.

The ability of the bacteria to form biofilm depended on the type of the used surface.
The initial concentration of biofilm cells formed on plastic was higher (107 CFU/cm?) than
on stainless steel (10° CFU/cm?). In the bacterial control, the biofilm cell density increased
by 1.9 and 4.2 log CFU/cm? in plastic and stainless steel (Figures 2a and 3a), respectively,
after 24 h of incubation (ANOVA, p < 0.05).

The E. coli biofilm inactivation is surface-dependent. Differences were observed
in the bacterial inactivation rate between plastic and stainless steel (Figures 2a and 3a).
The treatment with phage phT4A significantly reduced biofilm formation by E. coli in
5.5 log CFU/cm? (Figure 2a, ANOVA, p < 0.05) after 6 h of incubation. After this period,
biofilm cell regrowth occurred on phage-treated plastic surfaces. Despite this bacterial
regrowth, the differences in bacterial density between the test and control groups remained
statistically significant (ANOVA, p < 0.05, Figure 2a) until the end of the experiment
(decrease of 1.1 log CFU/cm? after 24 h of incubation).

The maximum biofilm reduction of E. coli biofilm formed on stainless steel surfaces was
4.1 log CFU/ecm? (ANOVA, p < 0.05, Figure 3a) after 6 h of incubation. After this period,
biofilm cell regrowth occurred on phage-treated stainless steel. Despite this bacterial
regrowth, the differences in bacterial density between the test and control groups remained
statistically significant (ANOVA, p < 0.05, Figure 3a) until the end of the experiment
(decrease of 1.2 log CFU/cm? after 24 h of incubation).
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Figure 2. Effect of phT4A phage on the reduction of E. coli ATCC 13706 biofilms on plastic during
24 h at MOI 10. (a) bacterial concentration; (b) phage titer. MOI, multiplicity of infection; CFU,
colony-forming units; PFU, plaque-forming units. The values shown in both graphs are the average
of three independent assays, and the error bars represent the standard deviation.

The initial concentration of phage adhering to plastic was higher (10% PFU/cm?) than
in stainless steel (10° PFU/cm?) (Figures 2b and 3b). The phage control (PC) remained
constant throughout the experiment (ANOVA, p > 0.05) in plastic and stainless steel
(Figures 2b and 3b). In plastic, when phage phT4A was incubated in the presence of the
host (Bacteria + phage), a significant increase of 1.9 log PFU/cm? was observed after 6 h
of incubation (ANOVA, p < 0.05, Figure 2b). After this period, the phage concentration
remained constant until the end of the experiment. When phage phT4A was incubated in
the presence of E. coli in stainless steel, a significant increase (ANOVA, p < 0.05, Figure 3b)
in phage titer of 2.9 log PFU/cm? was observed in the first 12 h of incubation. After this
increase, the phage titer remained constant until the end of the experiment.
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Figure 3. Effect of phT4A phage on the reduction of E. coli ATCC 13706 biofilms on stainless steel
during 24 h at MOI 10. (a) bacterial concentration; (b) phage titer. MOI, multiplicity of infection; CFU,
colony-forming units; PFU, plaque-forming units. The values shown in both graphs are the average
of three independent assays, and the error bars represent the standard deviation.

3.3. Efficacy of phT4A Phage in the Prevention of E. coli Biofilm on Plastic

The results of the prevention of biofilm formation on plastic are presented in Figure 4.
In the bacteria control, the biofilm cell density increases by 3.8 log CFU/cm? (ANOVA,
p < 0.05, Figure 4) during 48 h of the experiment.

The concentration of biofilm cells in the phage-treated group remained constant during
the first 12 h of incubation and was similar to the initial concentration (10* CFU/cm?).
When comparing the biofilm cell density in the phage-treated group with the untreated
group, a maximum reduction of 3.2 log CFU/cm? was observed after 12 h of incubation
(ANOVA, p < 0.05, Figure 4). The regrowth of biofilm cells in the phage-treated group was
observed after 12 h of incubation. However, at the end of the experiment, the biofilm cell
density in the phage-treated group (Bacteria + phage) and bacteria control was significantly
different (reduction of 0.8 log CFU/ cm?, ANOVA, p <0.05).

The initial concentration of phage adhering to plastic was 5.1 log PFU/cm?. The phage
control (PC) remained constant throughout the experiment (ANOVA, p > 0.05). When phage
phT4A was incubated in the presence of the host, a significant increase of 3.3 log PFU/cm?
was observed after 12 h of incubation (ANOVA, p < 0.05). After this period, the phage
concentration remained constant until the end of the experiment.
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Figure 4. Evaluation of phage phT4A efficacy in preventing E. coli ATCC 13706 biofilm formation on
plastic during 48 h. CFU, colony-forming units. The values shown in the graph are the average of
three independent assays, and the error bars represent the standard deviation.

The ability of phT4A phage to prevent biofilm formation by E. coli was also evaluated
using crystal violet staining. These results allowed us to observe the differences between
the phage-treated group (Bacteria + phage) and the untreated group (Bacteria control)
at time 0 and after 12, 24, 30, 36, and 48 h of treatment by observation under inverted

microscopy (Table 2).

Table 2. Observation of biofilm formation on plastic at different incubation times under an inverted
optical microscope (MOTIC AE31) with 200 x magnification.

Time (h) Bacteria + Phage Bacteria Control

12
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3.4. Evaluation of the Biofilm Formation Ability of Resistant and Sensitive Bacteria to
phT4A Phage

The biofilm-forming capacity of resistant and sensitive bacteria to phT4A phage is
shown in Figure 5. At the end of the experiment, the biofilm density in the group of resistant
bacteria (R1 and R2) was significantly lower than in the bacterial control (ANOVA p < 0.05,
Figure 5). However, no differences (ANOVA p > 0.05, Figure 5) were observed between the
group of resistant bacteria (R1 and R2) and the group of sensitive bacteria (51 and S2).

10
"g =z Em Bacteria control
5 “1H = R1
O 4- = R2
>
3 | ST
24 E S
0_

Time (hours)

Figure 5. Assessment of the biofilm formation capacity of resistant and sensitive bacteria to phT4A
phage during 24 h of incubation. R1 and R2, bacteria resistant to phT4A phage after contact with
phage; S1 and S2, bacteria sensitive to phT4A phage after contact with phage; Bacteria control,
bacteria without contact with phage phT4A; CFU, colony-forming units. The values shown in the
graph are the average of three independent tests, and the error bars represent the standard deviation.

The ability of resistant and sensitive bacteria to phage phT4A to form biofilms was
observed by inverted microscopy (Figure 6). The microscopy images showed that the
group of bacteria resistant to phages phT4A (R1 and R2) had a lower bacterial cell density
compared to the group of bacteria sensitive to phages phT4A (S1 and S2, Figure 6). However,
the groups of sensitive bacteria (51 and S2) did not show any significant differences when
compared to the control group (BC1 and BC2, Figure 6).

R1 . A R2

Figure 6. Cont.
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S1 S2

BC1 BC2

Figure 6. Observation of the biofilm formation on plastic by different groups of bacteria (phage-
resistant, phage-sensitive, and control), with 24 h of incubation, under an inverted microscope
(MOTIC AE31) with 200 x magnification. R1 and R2, Bacteria resistant to phT4A phage after contact
with phage; S1 and S2, Bacteria sensitive to phT4A phage after contact with phage; BC1 and BC2,
Bacteria without contact with the phage phT4A.

4. Discussion

The formation of biofilms on food processing surfaces by E. coli is a major challenge
to the food industry since they are often associated with foodborne outbreaks that have
a tremendous impact on health and the economy [13]. The potential use of phages to
control bacterial biofilms has received increasing attention as resistance to conventional
disinfectants continues to increase [63]. In the present study, phage phT4A was applied
to prevent and reduce E. coli biofilm on plastic and stainless steel. Phage phT4A is a safe
biological control agent since it does not code for integrase genes nor genes encoding for
virulence factors and antibiotic resistance [52]. The results indicate that phage phT4A was
effective in reducing E. coli biofilm on plastic and stainless steel and preventing E. coli
biofilm formation on plastic.

The bacterial strain used in this study (E. coli ATCC 13706) is a strong biofilm-forming
bacteria, namely when compared with the E. coli ATCC 25922 strain, which is considered a
model of biofilm-forming bacteria in the literature [50,51]. Considering that the optimal
growth temperature for E. coli is around 37 °C, it would be expected that this temperature
would result in a more mature and well-structured biofilm. This can lead to the reduced
effectiveness of phages in eradicating this mature biofilm since phages need to bind to the
host bacteria to infect them. However, when phages can penetrate the biofilm formed at
37 °C, due to the supposed higher bacterial density compared to the biofilm formed at 25 °C,
there is a possible higher phage replication capacity, which could result in more effective
inactivation. On the other hand, incubation at 25 °C may not provide optimal growth of the
bacteria and thus negatively influence the cohesion strength of the biofilm. In the context
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of the food industry, which is our focus, food is often handled at room temperature closer
to 25 °C. For our work, the choice of incubation temperature must be as aligned as possible
with the real one since the objective is to replicate as much as possible the conditions of the
food industry; hence, the choice of an incubation temperature of 25 °C during the phage
treatment assays of the biofilms. However, as biofilm formation on surfaces is influenced
by temperature [64,65], it will be important in the future to understand the efficacy of
phT4A phage to destroy/prevent biofilm formation at different temperatures. Likewise, the
current results need to be further validated for other food processing conditions, including
pH and other processing surfaces.

The initial adhesion of biofilm is dependent on the surface properties of the tested
materials. In this study, the plastic (initial concentration of 7.1 log CFU/cm?) showed higher
bacterial attachment compared to stainless steel (initial concentration of 5.1 log CFU/ cmz).
Similar results were observed by Rogers et al. (1994) [66] and Jaroni et al. (2023) [47]. Rogers
et al. (1994) observed greater bacterial adhesion and biofilm formation on plastic surfaces
than on stainless steel or glass surfaces [66]. More recently, Jaroni et al. (2023) observed
higher STEC attachment to high-density polyethylene coupons (up to 5.6 log CFU/cm?)
compared to stainless steel (up to 4.3 log CFU/cm?) [47]. Many factors affect the formation
and adhesion strength of biofilms in abiotic surfaces, such as electrostatic charges, surface
tension and hydrophobicity, coating, roughness or fissure depth, and porosity [67-70]. The
plastic surfaces used in this study had a high hydrophobicity and a rougher surface than
the stainless steel. In general, the most hydrophobic materials are those with the greatest
biofilm formation. De-la-Pinta et al. (2019) observed that there is a greater production
of biofilms on rougher and hydrophobic materials [71]. In the future, studies should
include biofilm analysis by advanced microscopic methods such as TEM to study phage
diffusion and attachment to biofilm and SEM to observe biofilm destruction in different
abiotic surfaces.

The phT4A phage, at MOI 10, had a significant impact on the reduction of biofilm
formed in the plastic surface (5.5 log CFU/cm?), namely in the first 6 h of treatment.
Similar results were obtained by Zhu et al. (2022) [60], with a reduction of approximately
6 log CFU /well for a lower MOI of 0.1. However, this reduction occurred later, after 8 h,
compared to our study (after 6 h). Additionally, the difference in the incubation temperature
and the culture medium [37 °C for biofilm formation and 25 °C for phage treatment on TSB
in our study vs. 37 °C for biofilm formation and phage treatment on Lysogeny Broth in
Zhu et al. (2022)] [60], can significantly impact the results.

On stainless steel, our results highlight the effectiveness of phT4A phage, at a MOI of
10, in reducing the biofilm formed at 37 °C in 4.1 log CFU/cm?, with greater evidence 9 h
after the beginning of treatment. In another study, by Wang et al. (2020), a similar protocol
was carried out; however, biofilm with 24 h of maturation was formed at 24 °C instead of
the 37 °C of our study [72]. The lower temperature of 24 °C was probably responsible for
the lower reduction of 2.9 log CFU /bar even at a higher MOI of 100 [72].

Comparing the results obtained on both surfaces (plastic and stainless steel), it is
possible to observe that at the same MOI value, the reduction of biofilm on plastic sur-
faces is more pronounced than on stainless steel surfaces. These differences suggest that
phages possibly adhere differently to each type of surface. In this study, the plastic (initial
concentration of 8.0 log PFU/cm?) showed higher initial viral attachment compared to
stainless steel (initial concentration of 6.0 log PFU/cm?). However, the number of phage
particles of phT4A when incubated with E. coli increased by 1.9 and 2.9 log PFU/cm? in
plastic and stainless steel surfaces, respectively. These results demonstrate that high initial
phage doses may not be essential due to the self-perpetuating nature revealed by increasing
phage titer. The results suggested that phT4A phage behaved differently on each surface.
Probably, the biofilm matrix formed in the metal surface trapped the phages, which hinders
phage penetration and adsorption (Abedon 2016). Furthermore, considering the greater
bacterial adhesion in plastic, this can also explain the better inactivation results on this
surface compared to the results on stainless steel. When phages can penetrate the formed
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biofilm, due to the supposed higher bacterial density in plastic compared to the biofilm
formed on stainless steel, there is a possible higher phage replication capacity, which could
result in more effective inactivation on plastic. This indicates that to translate the phage
application to the routine, it is important to test the treatment on the different processing
surfaces used in the industry.

In addition to biofilm reduction, the prevention of biofilm formation on food pro-
cessing surfaces is also crucial to guarantee the safety and quality of food products. Our
results indicated that phT4A phage prevented biofilm formation by E. coli ATCC 13706.
Furthermore, the prevention was maintained up to 12 h of post-exposure to the phage.
However, over time, a decrease in biofilm prevention capacity was observed. This may be
due to the emergence of phage-resistant bacteria, limiting its effectiveness [73].

Overall, the application of phages in a coating surface can be an effective strategy
to avoid biofilm formation, namely on food-handling surfaces. The presence of pores on
the coating surface and the ability to control their pore size may allow the incorporation
and consequent controlled release of phages from these pores to treat the coated surfaces.
Also, several antibacterial additives such as silver, copper, and zinc ions can be added
to the coatings and have a combined effect with phages in preventing biofilm formation
on different surfaces. However, phage viability in the presence of these ions needs to be
previously addressed in order to test the combined approach, preventing phage damage
along with the bacteria [74].

In general, in both assays of biofilm reduction and prevention, there was a significant
decrease in the bacterial concentration in the presence of phage, relative to the bacteria
control, within the first hours of treatment. However, after this period, bacterial regrowth
was observed. This can be attributed to (i) some bacterial cells located in the biofilm struc-
ture that can be inactive, hindering phage multiplication [72,75], and (ii) the development
of phage-resistance mechanisms by the bacteria, allowing them to survive and multiply
again [75]. The application of a phage cocktail containing several active phages for the
same bacterial strain can prevent the development of bacterial resistance to phages [58,76].
The use of a cocktail of phages with the ability to bind to different bacterial receptors can
help control the emergence of bacterial mutants by exerting selective pressure on bacte-
rial populations in the biofilm and increasing the effectiveness of phage treatment. The
combination of different antibacterial approaches should also be considered to prevent
and combat the emergence of bacterial resistance to phages. The application of several
phage doses for sanitization purposes may increase the effectiveness of the disinfection.
Moreover, as phages are naturally present in the environment and coevolve with bacteria
if bacteria are resistant to a particular phage, it is possible to isolate new phages to which
these bacteria are sensitive [77].

Our results revealed a significant difference in the biofilm formation capacity between
phage-resistant and sensitive bacteria after phage exposure. This suggests that although
phage-resistant bacteria emerge during treatment, the phage-resistant bacteria showed
slower growth and, consequently, a reduced ability to form biofilm. On the contrary,
sensitive bacteria maintained a biofilm formation capacity similar to that of the control
group. These results are in agreement with some other reports that similarly showed
reductions in the growth of the phage-resistant mutants [78-81]. Bacterial resistance to
phages can evolve via several different mechanisms, which vary in their specificity. Many
of these resistance mechanisms impose a significant fitness cost [82,83], but these costs can
vary across environments and the degree of competition for resources [84,85]. The results
show that phage resistance can significantly alter bacterial growth and that phage-mediated
selection is likely to be an important component of bacterial pathogenicity in nature.

Chemical disinfectants commonly used to disinfect surfaces achieve bacterial reduc-
tions of 4-5 log [20]. Considering the results obtained in this work, the phT4A phage seems
to be a promising alternative to disinfectants. The use of chemical disinfectants can create a
risk of cross-contamination, affect food quality, have a negative impact on the environment,
and damage or leave residues on treated surfaces [1,6,12,13]. Moreover, the massive use of
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disinfectants can promote the development of resistance in bacterial communities, there-
fore compromising food safety and, consequently, public health [14]. Phages have been
proposed as a class of bio-sanitizers due to several favorable attributes, including the fact
that they only infect bacteria and can remain viable for long periods, which can prevent
bacterial recontamination [86]. Phages have low toxicity, are environmentally friendly,
are not corrosive, and do not affect the food properties (have any harmful or unpleasant
odors) [20,86]. Phages are considered safe for human consumption with no associated
safety issues related to oral ingestion [87]. Allergic reactions to phage administration are
also rare [31]. By reducing the use of aggressive chemicals, the use of phages also reduces
the impact associated with the disposal of these products, contributing to more sustainable
and safe solutions.

5. Conclusions and Future Perspectives

Phage phT4A was effective in reducing E. coli biofilm on plastic and stainless steel and
preventing E. coli biofilm formation on plastic. These results suggest that phages may have
applicability as surface disinfectants against pathogenic bacteria. Further studies are needed
to validate these findings using phT4A under different environmental conditions and in
different materials. Phage phT4A did not prevent the occurrence of bacterial regrowth in
the two tested surfaces. The results showed that phage resistance can significantly alter
bacterial growth; however, these mutants were not as fit as their counterparts. The use
of phage cocktails and the combination of different antibacterial approaches may help
overcome this problem of bacterial resistance to phages. Our results pave the way for a
new area of interest and study in the search for more sustainable and safer solutions based
on phages. Reducing the use of aggressive chemicals will increase the quality and safety of
food and decrease environmental impact and, consequently, the risks to public health.

In the future, it would be important to evaluate the impact of different phage concentra-
tions and exposure times in the development of bacterial resistance to phages. Furthermore,
it would also be important to explore the use of phage cocktails or even the combination
of phages with disinfectants already used in routine surface disinfection. Also, in future
studies, a more comprehensive exploration of different biofilm formation temperatures
and culture media relevant to food processing environments could offer a better under-
standing of phage potential in various practical scenarios in the food industry. Assessing
the broader ecological consequences of long-term phage persistence in the environment is
also crucial for ensuring the sustainability and safety of phage-based interventions in food
processing settings.
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