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Abstract: Biofilms remain a major challenge in the food industry due to the increased
resistance of foodborne pathogens to antimicrobial agents and food processing stresses,
leading to food contamination and significant health risks. Their resistance to preserva-
tion techniques, antimicrobial treatments, and processing conditions increases concerns
regarding food safety. This review discusses recent developments in physical, chemical,
and surface modification strategies to control and remove biofilms in food processing
environments. Physical methods, such as thermal treatments, electric fields, and ultrasonic
systems, have demonstrated their efficacy in disrupting biofilm structure and improving
disinfection processes. Chemical treatments, including the use of sanitizers, disinfectants,
acidulants, and enzymes, provide targeted approaches to degrade biofilm matrices and
inhibit bacterial adhesion. Furthermore, surface modifications of food contact materials
provide innovative solutions for preventing biofilm formation and enhancing food safety.
These cutting-edge strategies not only improve food safety but also reduce contamination
risk in food processing facilities. The review highlights the mechanisms, efficacy, and
applicability of these techniques, emphasizing their potential to mitigate biofilm-associated
risks and ensure food quality and safety.

Keywords: anti-biofilm; antibiotic; antimicrobial; bacteriophage; probiotic; thermal
processing; surface modification

1. Introduction

Food safety has become a major public health issue due to food spoilage and food-
borne illnesses caused by pathogens [1,2]. Food contamination can arise throughout any
stage of production and handling, originating from human contact, animal sources, or
environmental factors [3]. Foodborne illnesses lead to a variety of health problems, in-
cluding neurological, immunological, and gastrointestinal disorders [4]. Food surfaces
and processing equipment are commonly contaminated, often leading to the spread of
foodborne pathogens. Several methods have been developed to preserve food and extend
shelf life such as chilling, freezing, vacuum packing, salting, and the use of chemical preser-
vatives [5,0]. Although these methods effectively reduce the risk of contamination, certain
bacteria can still survive under these conditions. Bacteria exposed to preservation-related
stresses may persist in a dormant state or as metabolically inactive cells such as viable but
non-culturable (VBNC) cells or persister cells [7]. Additionally, bacteria can form biofilms
as a survival strategy in response to harsh environments [8]. A biofilm is a structured
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community of microorganisms, including bacteria, fungi, and algae, that adhere to a surface
and are embedded within a self-produced extracellular polymeric matrix [9]. This matrix
provides structural stability, supports nutrient exchange, and ensures protection against
environmental stresses such as antimicrobial agents and immune system responses [9].

Biofilms can form on a wide range of surfaces commonly found in food processing
and storage environments, including stainless steel, plastic, rubber, and other food contact
materials [10]. The presence of biofilms in food systems raises significant concerns for food
safety and quality, as they can harbor pathogenic and spoilage microorganisms [11]. Biofilm
formation involves several stages: initial attachment of bacteria to food surfaces, followed
by proliferation, production of extracellular polymeric substances (EPSs), maturation of
the biofilm, and eventual release of bacterial cells [9]. The EPS matrix, composed of
polysaccharides, proteins, lipids, and nucleic acids, protects bacteria from external threats
and supports their growth [12]. This matrix contributes to the persistence of biofilms in
food processing environments [13].

In food production facilities, biofilms are difficult to eliminate despite regular clean-
ing and sanitization [13]. Foodborne bacteria can adhere to various surfaces, forming
biofilms that allow them to survive for long periods, depending on the bacterial strain
and environmental conditions [14]. One of the main challenges in managing biofilms
is their resistance to antimicrobials and disinfectants. Bacteria within biofilms are more
resilient, making them harder to remove with conventional cleaning methods [12]. Biofilms
provide several benefits to bacteria, including protection from chemicals, resistance to
mechanical stress caused by liquid flow in pipelines, and protection against desiccation [13].
Biofilms are a concern across various food industries, including seafood, poultry, dairy,
brewing, and meat processing [4]. In addition, the rise of antibiotic-resistant bacteria has
led to more biofilm-related contamination and infections [4]. New strategies for controlling
biofilms in food production environments need to be developed to ensure food safety.
This review discusses recent advancements in biofilm control methods, focusing on their
mechanisms, effectiveness, and practical applications in mitigating biofilm-related risks in
food processing.

2. Physical Strategies for Controlling Bacterial Biofilms in the
Food Industry

In recent years, extensive research has focused on the development and application
of physical strategies for controlling bacterial biofilms, which are resistant and difficult
to remove from surfaces in diverse industries, particularly in food processing environ-
ments [15,16]. Biofilms cause significant risks by protecting pathogens, reducing the
effectiveness of conventional cleaning and disinfection methods. Consequently, physical
methods have received increasing attention due to their ability to disrupt biofilm structures
and prevent their formation. These approaches, including thermal processing, electric
fields, ultrasound, and surface modifications, provide distinct advantages and can be
optimized for specific applications. Each strategy plays an essential role in improving
biofilm control, enhancing sanitation practices, and ensuring the safety and quality of food
products (Table 1).
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Table 1. Physical treatment for biofilm control in food industry.

Physical Treatment

Target Strain

Anti-Biofilm Activity

Reference

Thermal

Staphylococcus aureus

Superheated steam (SHS) treatment (150 °C, 15 s)
can effectively eradicate mature biofilm of S.
aureus formed on food contact surfaces

[17]

Staphylococcus epidermidis

S. epidermidis biofilm cells that formed in liquid
egg processing environment were sensitive to
hot-water treatment (71 °C).

[18]

Electrical field

Sludge containing
mixed-bacteria strains from
wastewater treatment plant

Low-frequency and low-voltage range of 8 vpp
can stimulate the attachment of the bacteria to
solid surfaces and therefore diminish bacterial
biofilm-forming ability.

[19]

S. epidermidis

100 pA electric block currents were
demonstrated to enable 76% detachment of S.
epidermidis from stainless steel.

[20]

Pseudomonas aeruginosa, S.
epidermidis, and S. aureus

The biofilm of multiple bacterial species was
inhibited by great electricidal effects using
low-amperage currents and intermittent
strategies.

[21]

Ultrasonic

S. aureus

Ultrasonic coda wave interferometry was able to
detect the early stage of biofilm formation of on
stainless steel.

[22]

S. aureus

The treatment of ultrasonic plus 1% of
chlorogenic acid for 60 min exhibited synergistic
antibacterial and antibiofilm effects by cause
damage to cell morphology and decreasing the
exopolysaccharide contents in S. aureus.

[23]

E. coli and L. monocytogenes

The combination of ultrasound and different
organic acids (acetic acid, malic acid, citric acid
and lactic acid) can detach bacteria on the
surface of lettuce.

[24]

Salmonella spp.

Combination of ultrasound (40 kHz) and acidic
electrolyzed water produced a synergistic effect
on the reduction of Salmonella spp. biofilm
formed on stainless steel surfaces.

[25]

Surface modification

E. coli and P. aeruginosa

Oil-based slippery coatings significantly
inhibited bacterial adhesion and reduced biofilm
formation on stainless steel surface.

[26]

E. coli and S. aureus

Silver and zinc oxide nanoparticle-containing
polyester surfaces prevented biofilm formation
in both Gram-positive and Gram-negative
bacteria

[27]

S. enteritidis

Compared to uncoated surfaces, a reduction in
biofilm formation was observed on
copper-coated surfaces (3—4 log CFU reduction)

[28]

2.1. Thermal Processing for Biofilm Remouval in Food Processing Environments

Thermal treatment is widely recognized as an effective method for controlling bacte-

rial biofilms in food processing environments. The application of heat disrupts microbial

cells by denaturing proteins, damaging nucleic acids, and altering membrane integrity,

ultimately leading to microbial inactivation [11]. Thermal treatment disrupts the structural
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integrity of biofilms, making them more vulnerable to subsequent cleaning and disinfection
processes by exposing equipment surfaces to high temperatures (typically above 70 °C)
(Figure 1) [29]. For instance, hot water (71 °C, 30 s) treatments have been demonstrated
to effectively eliminate biofilm cells up to 7 log CFU/cm? [18]. Similarly, the inactiva-
tion of biofilms on diverse food contact surfaces such as high-density polyethylene and
polypropylene can be accomplished extremely well using superheated steam (SHS) treat-
ment (150 °C) [17].This thermal intervention not only removes existing biofilms but also
inhibits their reformation, ensuring the safety and quality of food products [29]. Addition-
ally, thermal processing is a flexible method that works effectively with a wide range of
equipment types and materials commonly used in food processing plants [11]. Thermal
processing, known for its effectiveness and practicality, remains essential in maintaining
high hygiene standards and reducing the risks associated with biofilm contamination
in the food industry. However, despite its effectiveness, heat treatment involves certain
disadvantages that warrant consideration. One notable limitation is its potential to cause
damage to sensitive components [30]. Excessive heat exposure can cause the degradation
of certain materials, compromising their functionality and shelf life. Moreover, the energy-
intensive nature of thermal processing also leads to increased operating costs, creating
economic challenges for food processing facilities, especially those operating on a large
scale [7]. Balancing the benefits of biofilm control with the associated drawbacks of heat
treatment requires careful consideration of equipment compatibility, operational parame-
ters, and cost-effectiveness. Nevertheless, advancements in heat treatment technologies
and strategies provide promising opportunities to mitigate its limitations and enhance
its effectiveness [11]. Innovations such as precise temperature control, targeted heating
methods, and integrated monitoring systems enable more efficient and sustainable biofilm
control practices in the food industry [30,31]. By utilizing these advancements and adopt-
ing a tailored approach to meet specific operational needs, food processing operations
can optimize the benefits of thermal processing while reducing its drawbacks, ultimately
ensuring the sustained safety and integrity of their products.

Thermal treatment (>70°C)

Bioelectric effect

{ Sensitive to antimicrobial agents

Figure 1. Thermal treatment and bioelectric effects for biofilm removal.

2.2. Bioelectric Effects for Enhanced Biofilm Control in Food Processing Applications

Electric fields may have an impact on the organization of biological membranes, cell
behavior, metabolic processes, and the cellular responses of both prokaryotic and eukary-
otic cells [32]. Bacterial adherence to the surface may be mediated by repulsive electrostatic
forces. Studies have showed that a low-frequency, low-voltage alternating current (AC)
can promote bacterial cells to exhibit increased activity, thus strengthening surficial attach-
ment instead of biofilm formation [19]. The increased repulsive forces by electric fields
facilitate the detachment of bacterial biofilms from surfaces. This phenomenon is called
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the electricidal effect [20]. Furthermore, this electric field can be used in combination with
biocides or antimicrobials and pose a synergistic effect, a phenomenon called the bioelectric
effect (Figure 1) [20]. Potential mechanisms of bioelectric effects on biofilm control may
include increased membrane permeability, electrophoretic enhancement of antimicrobial
agent transport, electrolytic production of oxygen, and electrochemical production of
oxidants [33]. Low-intensity direct current (DC) has demonstrated the ability to detach
bacteria from stainless steel and indium tin oxide surfaces, and this ability may be related to
electrical effects [20]. Low-amperage current or 4 h/day of intermittent current can reduce
S. aureus, S. epidermidis, and P. aeruginosa biofilms on a variety of surface materials [21].
This implies that low doses of DC can reduce biofilm formation [34]. In addition to electric
field intensity, exposure time is also an important factor that affects anti-biofilm activity.
Prolonged exposure to a low-intensity electric field significantly reduced the biofilm for-
mation and bacterial cell density of both Gram-positive and Gram-negative bacteria. This
finding indicates that sustained application of an electric field can effectively inhibit biofilm
formation or promote its degradation [35]. However, the combined use of electric current
and antimicrobials produced a bioelectric effect that was more effective in controlling the
biofilms. The biofilm numbers of E. coli and Streptococcus gordonii were more decreased
in the combination treatment between gentamicin and electric current than single treat-
ment [7]. A correlation has been demonstrated between the therapeutic effect of electrical
energy and bioelectric effects on biofilm prevention. The effectiveness of biofilm prevention
treatment primarily depends on the energy of the electrical signal [7].

2.3. Applications of Ultrasound for Biofilm Disruption in Food Industry

Ultrasound is sound with a frequency level above the human hearing threshold of
20 kHz [36]. Ultrasound can generate cavitation bubbles, which are known to contribute to
erosion and cause damage to the target. The effect of cavitation bubbles can break up and
detach bacterial biofilm from a surface [37]. There are four distinct mechanisms through
which ultrasound exhibits bactericidal activity against bacteria and biofilms: (i) acoustic
cavitation, (ii) enhanced antimicrobial activity, (iii) mechanical oscillation of a tip, and
(iv) heat generation [36,38]. Figure 2 illustrates the process of cavitation induced by ultra-
sonic waves, which involves alternating phases of compression and expansion in a liquid
medium [39]. During the expansion phase, the pressure decreases, leading to the formation
of microscopic gas bubbles. These bubbles grow through successive cycles of pressure vari-
ation until they reach a critical size, at which point they become unstable and collapse [36].
The implosion of these bubbles releases substantial amounts of energy, generating localized
high temperatures and pressures. The resulting cavitation clouds, formed by numerous
collapsing bubbles, produce micro-jets and shock waves that can cause physical disruption
of surfaces, enhance mixing, and facilitate microbial inactivation or biofilm removal [36].
This phenomenon has broad applications in fields such as cleaning, emulsification, and
biofilm disruption [40]. Low-frequency ultrasound (typically <500 kHz) is significantly
more effective than high-frequency ultrasound (>500 kHz) in reducing bacterial viability
within biofilms, particularly when considering biofilm thickness and surface characteristics
such as such as stainless steel, glass, and pipes [38,39]. Low-frequency ultrasound produces
more intense cavitation and larger cavitation bubbles because the energy required to initiate
cavitation in the liquid decreases as the frequency is reduced [38]. Thus, biofilms may be
more successfully removed by strong cavitation implosion at low-frequency ultrasound.
Similarly, ultrasonic waves in combination with various organic acids can effectively detach
surficial bacterial cells and exhibit potent antibiofilm activity [23]. In addition, since ultra-
sonic waves are mechanical waves, ultrasonic processing also exhibits significant agitation,
shear stress, and turbulence [36]. The shear force generated by ultrasound can also be
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Expansion

Ultrasonic wave

Compression Compression

Bubble forms ———> Bubble grow over several cycles ———> Critical bubble size ———> Bubble implosion

used to remove biofilm from surfaces [40]. Besides the bactericidal effect on biofilms by
ultrasound, it also significantly alters biofilm adhesion. The detachment of biofilm from a
contact surface is one of the main purposes for adopting ultrasound in the food industry.
For example, flat and curved ultrasonic transducers have been developed for removing
biofilms in milk from opened and closed surfaces, respectively [38]. The detachment of
bacterial cells is related to the cavitation effect produced by low-frequency ultrasound [38].
In addition, high-intensity ultrasound can lyse cell membranes, killing cells and partially
detaching them from the surface [38]. Consequently, in the food industry, low-frequency
and high-intensity ultrasound might be a useful tool for controlling foodborne bacteria
biofilms [41]. Several challenges must be considered when using ultrasonic waves for
biofilm control. One key limitation is the lack of directivity, meaning ultrasonic waves may
unintentionally affect surrounding materials such as food and equipment. This can lead to
protein denaturation, material degradation, or structural damage. Additionally, ultrasonic
waves alone are not always effective in completely eradicating bacterial cells. Surviving
bacteria may persist and potentially form new biofilms, resulting in further contamination.

Expansion Expansion

e

Production of micro-jet or tip

! 1
| T a

Figure 2. Ultrasonic systems for the removal of biofilms.

2.4. Promising Surface Modification Strategies for Biofilm Control in Food Equipment

Surface modification of contact materials is an effective strategy for biofilm control
in the food industry, providing innovative solutions to reduce bacterial colonization and
enhance hygiene standards [42]. Possible surfaces that are less prone to biofilm formation
can be created by altering the surface properties of materials commonly used in food
processing equipment, such as stainless steel or plastics, through techniques like coating
deposition, surface texturing, or chemical treatments. These improvements include decreas-
ing surface roughness to reduce attachment points for bacteria, introducing antimicrobial
agents to inhibit bacterial growth, or adding hydrophobic coatings to repel water and
organic matter [42]. For instance, the utilization of food-safe oil-based slippery coatings
(FOSCs) improved the surface roughness, thus enabling the significantly decreased adhe-
sion of bacteria and biofilm contamination [26]. This customized surface modification not
only prevents initial bacterial adhesion but also facilitates easier cleaning and sanitization,
improving overall equipment hygiene and minimizing the risk of food contamination.
Compounds containing copper or silver are permitted for use in food products according
to the Biocidal Products Regulation (BPR). In detail, excellent antibiofilm efficacy has been
observed when the surface of the material was coated with copper or silver, ultimately
allowing significant elimination against biofilm cells [27,28]. Copper ions are known to
interact with bacterial cell membranes, causing DNA damage by forming reactive oxygen
species (ROS) and interfering with the ability to form biofilms (Figure 3) [43]. However,
the use of copper material is limited due to the high cost, potential loss of copper ions, and
corrosion [43]. Sliver ions can also induce the formation ROS, which can generate oxidative
stress in bacteria and destroy the permeability of bacterial cell membranes [42]. However,
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Flagellum

Cytoplasm Plasma membrane

surface modification is often too complicated, including a variety of organic compounds,
solvents, and chemical reactions. Although antifouling capabilities have been shown to
be promising in vitro, their application in food processing systems should be extensively

examined to ensure food safety [42].

Ribosomes @

Nucleoid (DNA)

@ Unable to form biofilm
copper or silver ions @

.0\

\\\\\

Bacterial cell Damage bacterial cell

Figure 3. Reactive oxygen species produced by surface modification agents inhibit biofilm formation
in bacteria.

3. Chemical Treatments in Food Processing and Biofilm Control

As shown in Table 2, chemical treatments play a crucial role in both food processing
and biofilm control. In food processing, chemical treatments are employed to sanitize
equipment and surfaces, ensure hygiene, and prevent cross-contaminations of food prod-
ucts. Biofilm control strategies typically involve the use of antimicrobials, surfactants, and
enzymes to disrupt the biofilm matrix, inhibit bacterial attachment and quorum sensing,
and remove existing biofilms (Figure 4). Quorum sensing inhibition disrupts bacterial
communication systems that control group behaviors, including biofilm formation and the
production of virulence factors. By interfering with these signaling pathways, chemical
inhibitors, such as synthetic molecules, plant-derived compounds, or surfactants, prevent
bacterial communities from coordinating their growth and activities. These inhibitors,
including N-acyl-homoserine lactone (AHL) analogues and cinnamaldehyde, have been
shown to interfere with QS in various foodborne pathogens, including P. aeruginosa, L.
monocytogenes, and E. coli [10]. Concurrently, the disruption of EPS enhances the effective-
ness of antimicrobial agents by allowing better penetration of disinfectants into the biofilm
structure. Chemical agents such as proteases, enzymes (e.g., dispersin B), and surfactants
such as cetyltrimethylammonium bromide (CTAB) or sodium dodecyl sulfate (SDS) have
been demonstrated to degrade EPS components, thus weakening the biofilm’s structural
integrity and rendering embedded bacteria more susceptible to antimicrobial treatment [44].
These chemical strategies are particularly beneficial in the food industry, where biofilm
formation on food processing surfaces, equipment, and packaging can lead to persistent
microbial contamination and spoilage [44]. The combined use of QS inhibitors and EPS
disruptors not only helps in controlling microbial growth but also improves the efficiency
of cleaning protocols, reducing the risks of contamination and enhancing the overall safety
and shelf life of food products. Furthermore, chemical treatments are integrated into food
packaging materials and food contact surfaces to prevent bacterial growth and extend shelf
life. These chemical treatments not only enhance food safety but also help maintain product
quality, freshness, and sensory attributes, preserving the nutritional value and consumer
acceptability of food products.
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Table 2. Chemical treatment for biofilm control in food industry.

Chemical Treatment

Target Strain

Anti-Biofilm Activity

Reference

Sanitizers and
disinfectants

S. Enteritidis

Chlorine dioxide showed biofilm removal ability on
food contact surfaces (stainless steel, silicone rubber,
and plastic) and chicken skin.

[45]

L. monocytogenes

Peracetic acid-based commercial disinfectant showed
biofilm formation-inhibitory effect on stainless steel
surface at low temperature.

[46]

B. cereus.

Chemical sanitizers containing quaternary
ammonium compound (QAC) dramatically reduced
the presence of a biofilm on food contact surfaces
(glass, polyethylene, polypropylene, and wood).

[47]

Acidulants

B. subtilis

2% citric acid showed biofilm removal ability on
stainless steel surface.

[48]

E. coli O157:H7

Lactic acid bacteria inhibited growth and surface
colonization of E. coli O157:H7 at 10 °C.

[49]

V. parahaemolyticus and
P. aeruginosa

Lactic acid bacteria isolated from Korean fermented
vegetable (kimchi) showed biofilm removal ability on
seafood model and food contact surfaces (rubber and
high-density polyethylene plastic).

[50]

V. parahaemolyticus

Enzymatic cocktail of lipase, cellulase, and proteinase
K showed biofilm removal ability by disrupted EPS of
bacterial biofilm.

[51]

Enzymes

E. coli and S. aureus

A novel food packaging material was obtained by
immobilizing glucose oxidase in polyvinyl
alcohol/chitosan/tea extract electrospun nanofibrous
membrane.

[52]

Macrococcus caseolyticus

Enzymatic cocktail of protease, lipase, cellulase,
a-amylase, and DNase showed biofilm removal ability
in dairy industries by disrupted EPS of bacterial
biofilm.

[53]

(A) Inhibit quorum sensing

N’J\e

Chemical treatment

ex. Sanitizers, enzymes, and acids

(B) Disrupt extracellular polymeric
substances of biofilm

°o

AHLS
)
0%

S g

Regulate the formation of biofilm

Figure 4. Chemical treatments disrupting quorum sensing systems and biofilm EPS.
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3.1. Chemical Agents for Biofilm Control in Food Processing

Quaternary ammonium compounds (QACs), chlorine-based compounds, peracetic
acid, and hydrogen peroxide are sanitizers and disinfectants agents that are widely used
in food processing and biofilm control due to their antimicrobial properties and efficacy
against a broad spectrum of bacteria. QACs, cationic surfactants with antimicrobial prop-
erties commonly used as disinfectants and sanitizers in food processing environments,
damage bacterial cell membranes, leading to cell leakage and death [54]. Typically, QACs
are used in concentrations ranging from 0.1% to 0.5%, depending on the specific formulation
and application [54]. The concentration of QACs can be adjusted based on the type of sur-
face being disinfected and the level of microbial contamination. QACs are effective against
bacteria, viruses, and fungi, making them versatile tools for biofilm control and surface dis-
infection [54]. However, long-term exposure to QACs may lead to bacterial resistance and
potential adverse effects on human health and the environment, thus requiring proper use
and regulatory oversight. Chlorine-based compounds such as sodium hypochlorite (bleach)
and chlorine dioxide are strong oxidants used for water disinfection, surface disinfection,
and product cleaning in food processing plants [54]. Chlorine effectively destroys microbial
cells by oxidizing essential cellular components and disrupting metabolic pathways [45].
Chlorine concentrations typically range from 50 to 200 ppm for routine sanitation, but
higher concentrations, such as 500 ppm, may be required for disinfecting heavily contami-
nated surfaces [45]. Chlorine is highly effective against bacteria, viruses, and protozoa, but
may react with organic matter to form potentially harmful disinfection by-products such
as chlorinated hydrocarbons, haloacetic acids, and chloramines [45]. Therefore, proper
dosing and monitoring are crucial to ensure effective microbial control and minimize
health risks. Peracetic acid is a strong oxidizing agent and antimicrobial agent commonly
used in food processing for surface disinfection, equipment sanitation, and microbial de-
contamination [55]. Peracetic acid rapidly penetrates microbial cells, causing irreversible
damage to cell membranes and proteins [55]. This disinfectant targets a broad spectrum
of microorganisms, such as bacteria, yeasts, molds, and viruses, and is quickly broken
down, providing an eco-friendly alternative to chlorine-based disinfectants [55]. Peracetic
acid is usually applied at concentrations ranging from 1000 to 5000 mg/L and at tempera-
tures ranging from 40 °C to 60 °C [56]. Hydrogen peroxide is a highly effective oxidative
compound that possesses potent antimicrobial properties, demonstrating broad-spectrum
activity against a wide range of microorganisms, including bacteria, viruses, fungi, and
bacterial spores. Hydrogen peroxide disrupts bacterial cell membranes, generates ROS,
and interferes with cellular metabolism, leading to bacterial death [57]. Hydrogen peroxide
is commonly used for surface disinfection, water treatment, and bacterial decontamination
in food processing facilities [57]. A previous study demonstrated that 0.5% hydrogen
peroxide used on spinach, cucumbers, and tomatoes was the most effective at reducing
Salmonella and Listeria spp. [58]. However, its efficacy may be limited by organic matter
and catalase-producing microorganisms, requiring higher concentrations or longer contact
times to effectively control bacteria. Overall, QACs, chlorine-based compounds, peracetic
acid, and hydrogen peroxide are essential chemical agents in food processing and biofilm
control, providing effective means of bacterial disinfection and sanitation [54]. However,
proper usage, dosing, and regulatory compliance are needed to ensure food safety, quality,
and environmental sustainability in the food industry [54].

3.2. Acidulants for Biofilm Control in Food Processing

Acidulants, including citric acid, acetic acid, and lactic acid, have gained prominence
as effective agents for biofilm control in the food industry [10]. These acidifiers lower the pH
of the environment, creating conditions that destabilize biofilms [10]. Citric acid, commonly
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found in citrus fruits, is widely used in beverages such as fruit juices and soft drinks to
provide a tangy flavor and regulate acidity. It also serves as a preservative in canned and
pickled foods, such as fruits, vegetables, and jams [10]. Acetic acid, primarily in the form of
vinegar, is a key component in the production of pickled vegetables, condiments, and salad
dressings, where it serves both as a flavoring agent and a preservative by reducing pH and
inhibiting bacterial growth [59]. Lactic acid, produced during the fermentation process by
lactic acid bacteria, is crucial in the dairy industry, contributing to the tangy flavor and
texture of products such as yogurt, cheese, and sour cream. Additionally, lactic acid plays
a role in the fermentation of vegetables, such as in sauerkraut and kimchi, and is used in
the meat processing industry for its antimicrobial properties, enhancing food safety and
preservation [10]. Collectively, these acidulants are indispensable in ensuring the quality,
safety, and stability of a wide range of food products. The acidic environment disrupts the
EPSs of biofilms, facilitating their removal from surfaces and equipment [10]. Consequently,
the use of acidulants enhances the effectiveness of sanitation procedures, contributing to
cleaner and safer food processing environments. By incorporating acidifiers into cleaning
routines, food processors can significantly reduce microbial attachment on surfaces, thereby
minimizing contamination risks and improving food safety standards [48]. Additionally,
acidifiers can target specific problem areas, such as drains and crevices, where biofilms often
develop and are more persistent and difficult to remove with standard cleaners [48]. Beyond
their antibacterial properties, acidifiers are non-toxic and environmentally friendly [48]. As
naturally occurring substances, acidulants like citric acid and lactic acid are biodegradable
and safe for use in food processing environments [48].

3.3. Enzyme-Based Approaches for Biofilm Control in Food Processing

Enzymes are naturally occurring catalysts, primarily proteins or RNA, that can ac-
celerate chemical reactions without changing the chemical equilibrium between reactants
and products or initiate reactions without being consumed or altered [4]. Based on their
functional properties, enzymes can be categorized into six classes: ligases or synthetases,
hydrolases, lyases, isomerases, oxidoreductases, and transferases. Oxidoreductases and
hydrolases have been shown to be the most promising enzymes for degrading biofilms [4].
Anti-biofilm enzymes have the ability to promote cell lysis by targeting the bacterial cells
embedded in the biofilm matrix. The main target of anti-biofilm enzymes is the EPS of
biofilms, which can destroy the connection between cells, continuously separate cells,
degrade the biofilm matrix, and accelerate the destruction of target biofilms [51]. The EPS
matrix is mainly composed of proteins, nucleic acids (eDNA and RNA), and polysaccha-
rides. Thus, this implies that a concentration of enzymes such as polysaccharide hydrolase,
proteolytic or peptidoglycan hydrolase, and /or deoxyribonuclease (DNase) may degrade
the extracellular polysaccharides, proteins, and/or eDNA of a mature bacterial biofilm
matrix, respectively [51]. Enzymes that break down polysaccharides often target linkages
such as «-1,4-, 3-1,4-, or 3-1,3-glycosides, which hydrolyze polysaccharides to produce
oligosaccharides and /or monosaccharides [4]. DNase inhibits bacterial coagulation, surface
adhesion, and horizontal gene transfer by denaturing the eDNA in the biofilm matrix [60].
However, for effective EPS removal, it may be necessary to combine the enzyme with a dif-
ferent substrate or to perform further physical or chemical treatment if the EPS consists of a
heterogeneous mixture of macromolecules [51]. Enzymes also play a role in the biochemical
breakdown of the matrix molecule, such as in suppressing QS signaling, weakening the
surface adhesion of cells, introducing toxins into the cells, encouraging cell lysis, and/or
deactivating other enzymes required for microbial growth [4]. However, the use of enzymes
for biofilm control does face certain challenges. Environmental factors such as temperature,
pH, and enzyme inhibitors can affect both the activity and stability of enzymes [61]. These
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inhibitors can be naturally occurring compounds, contaminants, or by-products produced
during food processing, all of which can negatively affect enzyme function [61]. For in-
stance, factors such as high or low pH levels can alter the enzyme’s active site, reducing its
ability to catalyze reactions effectively. In some cases, inhibitors, whether they be metals,
specific chemicals, or even certain food components such as polyphenols and tannins, can
bind to the enzyme, blocking its active site or interfering with its catalytic mechanism [4].
Ensuring the enzymes remain effective under diverse conditions requires careful formula-
tion and sometimes the use of stabilizing agents [61]. Despite these challenges, ongoing
research and technological advancements are focused on improving the stability, efficacy,
and cost-effectiveness of enzyme-based solutions.

4. Alternative Methods for Biofilm Elimination in Food Industry

Biological treatments for the control and removal of biofilms focus primarily on
utilizing natural organisms and their by-products to disrupt and eliminate biofilms in
various environments. These treatments, which often involve the use of bacteriophages,
natural compounds, and probiotics, provide a sustainable and environmentally friendly
alternative to traditional chemical approaches to control biofilms and reduce the risk of
antimicrobial resistance in foodborne pathogenic bacteria. A sample of related studies on
the use of biological treatment for biofilm control in food systems is shown in Table 3.

Table 3. Biological treatment for biofilm control in food industry.

Biological Treatment

Target Strain Anti-Biofilm Activity References

Bacteriophages

Bacteriophages isolated from sewage showed biofilm

Cronobacter sakazakii removal ability in infant formula milk industry by targeting  [62]

biofilm matrix.

Listeria-specific bacteriophage cocktail effectively eradicate

Listeria monocytogenes matured biofilm formed on food contact materials including  [63]

polyethylene, polypropylene, and stainless steel.

Bacteriophages isolated from the sediment of a fish farm

Aeromonas hydrophila inhibited biofilm formation and degraded and killed [64]

bacteria in matured biofilms on lettuce.

Natural compounds

Staphylococcus aureus and
Enterococcus faecalis

Carvacrol isolated from the leaves of wild bergamot showed
antibacterial and antibiofilm activities by inhibiting [65]
bacterial motility and interfering with bacterial adhesion.

Cinnamaldehyde, eugenol, resveratrol, and thymoquinone
isolated from plants inhibited biofilm formation in beef

L. monocytogenes processing plants by interfering with quorum sensing [66]
systems.
Escherichia coli, S. aureus, Thymol and .eugenol can l?e qsed to prepare novel .act.lve
. . food packaging for the dairy industry to prevent biofilm [67]
and Bacillus pumilus -
formation.
S, aureus. L. monocutocenes Lactobacillus plantarum isolated from Korean fermented
Probiotics ) L. CYROZENES: Limchi showed antibiofilm formation by inhibiting bacterial ~ [68]
and S. Typhimurium .
adhesion to surface.
Bacteriocins produced from Bacillus subtilis and B.
S. Enteritidis amyloliquefaciens inhibited biofilm formation in poultry [69]
products by interfering with the quorum sensing system.
Probiotic biofilms of Lactiplantibacillus plantarum and
Lacticaseibacillus rhamnosus prevented biofilm formation of
S. aureus [70]

bacteria in milk and yogurt during processing and storage
conditions.
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4.1. Challenges and Potential of Bacteriophages in Food Biofilm Management

Bacteriophages, viruses that specifically infect bacteria, have emerged as a promising
tool for biofilm control in food-related systems [71]. Bacteriophages can target and lyse
biofilm-forming bacteria, thereby effectively disrupting and removing the biofilm [72].
Their specificity for bacterial hosts allows for targeted intervention without affecting bene-
ficial microorganisms or the surrounding environment [71]. One of the main advantages
of using bacteriophages to control biofilms is their ability to infect and kill bacteria within
the biofilm structure [73]. Bacteriophages can penetrate the biofilm matrix and replicate
within the bacterial cells, leading to cell lysis and the release of new phage particles that
can further infect neighboring bacteria (Figure 5A) [73]. This cycle of infection and lysis can
significantly reduce the number of bacteria within the biofilm. Moreover, bacteriophages
can be integrated into various stages of food processing to enhance hygiene and safety [74].
They can be applied directly to food contact surfaces, incorporated into cleaning solutions,
or even used as a component of packaging materials to prevent biofilm formation and
bacterial growth [73]. For example, phage-coated surfaces or phage-embedded films can
provide continuous protection against biofilm formation on equipment and packaging,
ensuring a safer processing environment [75]. However, despite their potential, bacterio-
phages face several limitations in biofilm control within food-related systems. One major
challenge is the specificity of bacteriophages to their bacterial hosts, which means that
a single type of phage might only target one species or strain of bacteria, necessitating
the use of phage cocktails to cover a broader range of pathogens [76]. Environmental
factors such as temperature, pH, and the presence of other microbial communities can also
influence phage activity and stability [77]. Furthermore, there is a risk of bacteria develop-
ing resistance to bacteriophages, similar to antibiotic resistance, which could undermine
long-term effectiveness [78]. Finally, regulatory hurdles and consumer acceptance of phage
treatments in food products and processing environments remain significant barriers to
widespread adoption.

-
u Pathogens
o

s & N
\.” ’ Prabiotic biofilm
Competition Displacement

Figure 5. Biological treatments for biofilm control and removal: (A) bacteriophages and natural
compounds and (B) probiotics.
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4.2. Plant-Based and Peptide Solutions for Biofilm Control in Food Safety

Natural compounds, including essential oils, plant extracts, and antimicrobial pep-
tides, have shown efficacy in disrupting biofilm formation and aiding in its removal,
improving food safety and hygiene and providing a sustainable and environmentally
friendly alternative to synthetic chemicals [79]. Essential oils extracted from plants are rich
in bioactive compounds such as terpenes, phenols, flavonoids, and tannins, which have
strong antimicrobial properties. These oils can penetrate the biofilm matrix, disrupting the
cell membranes of embedded bacteria and inhibiting their growth (Figure 5A). For instance,
essential oils from thyme, oregano, and tea trees have demonstrated significant anti-biofilm
activity against common foodborne pathogens [80,81]. Extracts from cranberry, garlic,
and green tea have been found to inhibit biofilm development by preventing bacterial
adhesion and quorum sensing, which are critical processes for biofilm maturation [82-84].
Furthermore, the use of plant extracts in food processing environments not only targets
biofilms effectively but also aligns with the increasing consumer demand for natural and
safe food production methods [79]. Antimicrobial peptides (AMPs), naturally occurring
in various organisms, also offer a targeted approach to biofilm control [85]. These short
peptides can penetrate biofilms and disrupt bacterial cell walls, leading to cell lysis and
biofilm dispersion [86]. AMPs such as nisin, produced by Lactococcus lactis, and pediocin,
produced by Pediococcus species, are already used in food preservation and have demon-
strated effectiveness against biofilm-forming bacteria [86]. The incorporation of AMPs
into food contact materials or cleaning agents can provide continuous protection against
biofilm formation, ensuring a higher level of food safety. However, the efficacy of natural
compounds can be affected by environmental conditions such as temperature and pH,
which necessitates the development of stable formulations [79]. Regulatory approval for
the use of these compounds in food processing environments also requires rigorous safety
evaluations. With continued innovation, natural compounds are set to become integral
components of biofilm management strategies in the food industry, enhancing food safety
and promoting sustainable practices.

4.3. Probiotics for Biofilm Control in Food Systems

Probiotics, which are beneficial microorganisms primarily used to promote gut health,
are increasing being explored for their potential in controlling biofilm formation in food-
related systems [87]. As shown in Figure 5B, probiotics have shown promise in inhibiting
biofilm formation and displacing established biofilms by competition, exclusion, and pro-
ducing bioactive compounds that disrupt biofilm integrity [88]. Competition occurs as
probiotics outcompete pathogenic bacteria for essential nutrients, adhesion sites, and space,
often producing antimicrobial compounds like bacteriocins and organic acids to suppress
biofilm growth [89]. Displacement involves probiotics actively disrupting established
biofilms by secreting enzymes (e.g., proteases, DNases) that degrade the biofilm matrix, al-
tering environmental conditions, and replacing pathogenic species with beneficial microbes.
Exclusion prevents biofilm formation at the initial stage by blocking pathogen adhesion
sites through steric hindrance, modifying surface properties, and producing biosurfactants
that reduce bacterial attachment [89].

Certain lactic acid bacteria such as Lactobacillus plantarum and L. rhamnosus have been
shown to outcompete foodborne bacteria such as E. coli and S. aureus on a variety of surfaces
of stainless steel and plastics commonly used in food processing facilities [90,91]. This
competition creates a hostile environment for pathogens, reducing their ability to establish
strong biofilms [91]. In addition to competitive exclusion, probiotics also produce various
antimicrobial substances, including organic acids, hydrogen peroxide, and bacteriocins,
which can inhibit the growth of biofilm-forming bacteria and degrade the EPS matrix that
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protects bacteria within biofilm [92]. For example, bacteriocins produced by Lactobacillus
spp- have been shown to possess strong antibiofilm activity against common foodborne
pathogens [93]. By breaking down the biofilm matrix and killing embedded bacteria,
these antimicrobial compounds enhance the effectiveness of cleaning regimens and reduce
the risk of contamination [93]. Probiotics provide a safer and environmentally friendly
alternative, as they are generally recognized as safe and do not leave harmful residues [89].
The integration of probiotics into cleaning regimens and food contact surfaces presents a
promising strategy for maintaining hygiene in food processing environments, ensuring
food safety, and protecting public health [89].

5. Conclusions

This review underscores the importance of continued innovation and collaboration
to overcome the challenges posed by biofilms in the food industry. Biofilms in food
processing environments present a persistent threat to food safety and public health due
to their ability to protect pathogens from conventional sanitization methods. This issue
requires a comprehensive approach that incorporates physical, chemical, and surface
modification strategies, approaching the problem from multiple angles. Advances in these
areas, such as the use of ultrasound, electric fields, enzymes, and acidulants, have shown
promising results in biofilm control and removal. Surface modification techniques further
complement these efforts by preventing initial bacterial adhesion and facilitating effective
cleaning. While these strategies represent significant progress, further research is needed to
optimize their application, scalability, and integration into existing food processing systems.
The development of cost-effective, environmentally friendly, and efficient biofilm control
technologies will be essential for ensuring food safety and maintaining consumer trust.

Author Contributions: J.D. collected data and wrote the manuscript. S.Z. contributed to the visual
design of illustrations and diagrams and reviewed the manuscript. J.A. supervised, reviewed, and
edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Innovation Center of Yangtze River Delta of Zhejiang
University and supported by the National Torch Talent Program of China.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Liu,]; Chen, D,; Peters, B.M.; Li, L,; Li, B.; Xu, Z.; Shirliff, M.E. Staphylococcal chromosomal cassettes mec (SCCmec): A mobile
genetic element in methicillin-resistant Staphylococcus aureus. Microb. Pathogen. 2016, 101, 56-67. [CrossRef]

2. Redmond, E.C.; Griffith, C.J. Consumer food handling in the home: A review of food safety studies. |. Food Prot. 2003, 66, 130-161.
[CrossRef] [PubMed]

3. Yang, S.C; Lin, C.H.; Aljuffali, .A.; Fang, J.Y. Current pathogenic Escherichia coli foodborne outbreak cases and therapy
development. Arch. Microbiol. 2017, 199, 811-825. [CrossRef]

4. Nahar, S.; Mizan, M.ER.; Ha, A.J.; Ha, S.D. Advances and future prospects of enzyme-based biofilm prevention approaches in the
food industry. Comprehen. Rev. Food Sci. Food Saf. 2018, 17, 1484-1502. [CrossRef]

5. Xiong, Y.; Chen, M.; Warner, R.D.; Fang, Z. Incorporating nisin and grape seed extract in chitosan-gelatine edible coating and its
effect on cold storage of fresh pork. Food Cont. 2020, 110, 107018. [CrossRef]

6.  El-Saber Batiha, G.; Hussein, D.E.; Algammal, A.M.; George, T.T.; Jeandet, P.; Al-Snafi, A.E.; Tiwari, A.; Pagnossa, J.P; Lima,

C.M.; Thorat, N.D.; et al. Application of natural antimicrobials in food preservation: Recent views. Food Cont. 2021, 126, 108066.
[CrossRef]


https://doi.org/10.1016/j.micpath.2016.10.028
https://doi.org/10.4315/0362-028X-66.1.130
https://www.ncbi.nlm.nih.gov/pubmed/12540194
https://doi.org/10.1007/s00203-017-1393-y
https://doi.org/10.1111/1541-4337.12382
https://doi.org/10.1016/j.foodcont.2019.107018
https://doi.org/10.1016/j.foodcont.2021.108066

Antibiotics 2025, 14, 254 15 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Aladhadh, M. A review of modern methods for the detection of foodborne pathogens. Microorganisms 2023, 11, 1111. [CrossRef]
Negash, A.W.; Tsehai, B.A. Current applications of bacteriocin. Int. J. Microbiol. 2020, 2020, 4374891. [CrossRef] [PubMed]
Alonso, V.P.P,; Kabuki, D.Y. Formation and dispersal of biofilms in dairy substrates. Int. |. Dairy Technol. 2019, 72, 472-478.
[CrossRef]

Amrutha, B.; Sundar, K.; Shetty, P.H. Effect of organic acids on biofilm formation and quorum signaling of pathogens from fresh
fruits and vegetables. Microb. Pathogen. 2017, 111, 156-162. [CrossRef]

Chmielewski, R.A.N.; Frank, J.F. Biofilm formation and control in food processing facilities. Comprehen. Rev. Food Sci. Food Saf.
2003, 2, 22-32. [CrossRef] [PubMed]

Vestby, L.K.; Grenseth, T.; Simm, R.; Nesse, L.L. Bacterial Biofilm and its Role in the Pathogenesis of Disease. Antibiotics 2020, 9,
59. [CrossRef] [PubMed]

Galie, S.; Garcia-Gutierrez, C.; Miguelez, E.M.; Villar, C.].; Lombo, E. Biofilms in the food industry: Health aspects and control
methods. Front. Microbiol. 2018, 9, 898. [CrossRef]

Valderrama, W.B.; Cutter, C.N. An ecological perspective of Listeria monocytogenes biofilms in food processing facilities. Crit. Rev.
Food Sci. Nutr. 2013, 53, 801-817. [CrossRef]

Zhu, T; Yang, C.; Bao, X.; Chen, F.; Guo, X. Strategies for controlling biofilm formation in food industry. Grain Oil Sci. Technol.
2022, 5, 179-186. [CrossRef]

Simoes, M.; Simées, L.C.; Vieira, M.]. A review of current and emergent biofilm control strategies. LWT-Food Sci. Technol. 2010, 43,
573-583. [CrossRef]

de Souza, E.L.; Meira, Q.G.; de Medeiros Barbosa, I.; Athayde, A.].; da Concei¢ao, M.L.; de Siqueira Junior, J.P. Biofilm formation
by Staphylococcus aureus from food contact surfaces in a meat-based broth and sensitivity to sanitizers. Braz. ]. Microbiol. 2014, 45,
67-75. [CrossRef]

Yang, Y.; Hoe, Y.W.; Zheng, Q.; Chung, H.J.; Yuk, H.G. Biofilm formation by Salmonella Enteritidis in a simulated liquid egg
processing environment and its sensitivity to chlorine and hot water treatment. Food Cont. 2017, 73, 595-600. [CrossRef]
Hoseinzadeh, E.; Wei, C.; Farzadkia, M.; Rezaee, A. Effects of low frequency-low voltage alternating electric current on apoptosis
progression in bioelectrical reactor biofilm. Front. Bioeng. Biotechnol. 2020, 8, 2. [CrossRef] [PubMed]

van der Borden, A J.; van der Mei, H.C.; Busscher, H.J. Electric block current induced detachment from surgical stainless steel and
decreased viability of Staphylococcus epidermidis. Biomaterials 2005, 26, 6731-6735. [CrossRef] [PubMed]

Schmidt-Malan, S.M.; Karau, M.].; Cede, J.; Greenwood-Quaintance, K.E.; Brinkman, C.L.; Mandrekar, ].N.; Patel, R. Antibiofilm
activity of low-amperage continuous and intermittent direct electrical current. Antimicrob. Agents Chemother. 2015, 59, 4610-4615.
[CrossRef] [PubMed]

Chen, B.; Abdallah, M.; Campistron, P.; Moulin, E.; Callens, D.; Khelissa, S.O.; Debreyne, P.; Chihib, N.-E.; Delaplace, G. Detection
of biofilm formation by ultrasonic Coda Wave Interferometry. J. Food Eng. 2021, 290, 110219. [CrossRef]

Sun, J.; Wang, D.; Sun, Z,; Liu, E; Du, L.; Wang, D. The combination of ultrasound and chlorogenic acid to inactivate Staphylococcus
aureus under planktonic, biofilm, and food systems. Ultrason. Sonochem. 2021, 80, 105801. [CrossRef]

Unal Turhan, E.; Polat, S.; Erginkaya, Z.; Konuray, G. Investigation of synergistic antibacterial effect of organic acids and
ultrasound against pathogen biofilms on lettuce. Food Biosci. 2022, 47, 101643. [CrossRef]

Shao, L.; Dong, Y.; Chen, X.; Xu, X.; Wang, H. Modeling the elimination of mature biofilms formed by Staphylococcus aureus and
Salmonella spp. Using combined ultrasound and disinfectants. Ultrason. Sonochem. 2020, 69, 105269. [CrossRef] [PubMed]
Awad, T.S.; Asker, D.; Hatton, B.D. Food-safe modification of stainless steel food-processing surfaces to reduce bacterial biofilms.
ACS Appl. Mater. Interfaces 2018, 10, 22902-22912. [CrossRef]

Fontecha-Umaria, F.; Rios-Castillo, A.G.; Ripolles-Avila, C.; Rodriguez-Jerez, J.J. Antimicrobial activity and bacterial biofilm
prevention on polyester surfaces with silver and zinc oxide nanoparticles at varying concentrations. Foods 2020, 9, 442. [CrossRef]
Pontin, K.P;; Borges, K.A.; Furian, T.Q.; Carvalho, D.; Wilsmann, D.E.; Cardoso, H.R.P.; Alves, A K.; Chitolina, G.Z.; Salle, C.T.P;
Moraes, H.L.d.S.; et al. Antimicrobial activity of copper surfaces against biofilm formation by Salmonella Enteritidis and its
potential application in the poultry industry. Food Microbiol. 2021, 94, 103645. [CrossRef] [PubMed]

Pijls, B.G.; Sanders, I.; Kujiper, E.J.; Nelissen, R. Induction heating for eradicating Staphylococcus epidermidis from biofilm. Bone Jt.
Res. 2020, 9, 192-199. [CrossRef] [PubMed]

Scher, K.; Romling, U.; Yaron, S. Effect of heat, acidification, and chlorination on Salmonella enterica serovar typhimurium cells in a
biofilm formed at the air-liquid interface. Appl. Environ. Microbiol. 2005, 71, 1163-1168. [CrossRef] [PubMed]

Lu, J.; Hu, X.; Ren, L. Biofilm control strategies in food industry: Inhibition and utilization. Trends Food Sci. Technol. 2022, 123,
103-113. [CrossRef]

Ravikumar, K.; Basu, B.; Dubey, A.K. Analysis of electrical analogue of a biological cell and its response to external electric field.
Regen. Eng. Transl. Med. 2019, 5, 10-21. [CrossRef]


https://doi.org/10.3390/microorganisms11051111
https://doi.org/10.1155/2020/4374891
https://www.ncbi.nlm.nih.gov/pubmed/33488719
https://doi.org/10.1111/1471-0307.12587
https://doi.org/10.1016/j.micpath.2017.08.042
https://doi.org/10.1111/j.1541-4337.2003.tb00012.x
https://www.ncbi.nlm.nih.gov/pubmed/33451238
https://doi.org/10.3390/antibiotics9020059
https://www.ncbi.nlm.nih.gov/pubmed/32028684
https://doi.org/10.3389/fmicb.2018.00898
https://doi.org/10.1080/10408398.2011.561378
https://doi.org/10.1016/j.gaost.2022.06.003
https://doi.org/10.1016/j.lwt.2009.12.008
https://doi.org/10.1590/S1517-83822014000100010
https://doi.org/10.1016/j.foodcont.2016.09.008
https://doi.org/10.3389/fbioe.2020.00002
https://www.ncbi.nlm.nih.gov/pubmed/32039189
https://doi.org/10.1016/j.biomaterials.2004.04.052
https://www.ncbi.nlm.nih.gov/pubmed/15979141
https://doi.org/10.1128/AAC.00483-15
https://www.ncbi.nlm.nih.gov/pubmed/26014944
https://doi.org/10.1016/j.jfoodeng.2020.110219
https://doi.org/10.1016/j.ultsonch.2021.105801
https://doi.org/10.1016/j.fbio.2022.101643
https://doi.org/10.1016/j.ultsonch.2020.105269
https://www.ncbi.nlm.nih.gov/pubmed/32736304
https://doi.org/10.1021/acsami.8b03788
https://doi.org/10.3390/foods9040442
https://doi.org/10.1016/j.fm.2020.103645
https://www.ncbi.nlm.nih.gov/pubmed/33279070
https://doi.org/10.1302/2046-3758.94.BJR-2019-0274.R1
https://www.ncbi.nlm.nih.gov/pubmed/32431810
https://doi.org/10.1128/AEM.71.3.1163-1168.2005
https://www.ncbi.nlm.nih.gov/pubmed/15746314
https://doi.org/10.1016/j.tifs.2022.03.007
https://doi.org/10.1007/s40883-018-0073-z

Antibiotics 2025, 14, 254 16 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Barki, K.G.; Das, A.; Dixith, S.; Ghatak, P.D.; Mathew-Steiner, S.; Schwab, E.; Khanna, S.; Wozniak, D.J.; Roy, S.; Sen, C.K. Electric
field based dressing disrupts mixed-species bacterial biofilm infection and restores functional wound healing. Ann. Surg. 2019,
269, 756-766. [CrossRef]

Ruiz-Ruigomez, M.; Badiola, J.; Schmidt-Malan, S.M.; Greenwood-Quaintance, K.; Karau, M.].; Brinkman, C.L.; Mandrekar, J].N.;
Patel, R. Direct electrical current reduces bacterial and yeast biofilm formation. Int. |. Bacteriol. 2016, 2016, 9727810. [CrossRef]
del Pozo, J.L.; Rouse, M.S.; Mandrekar, ].N.; Steckelberg, ] M.; Patel, R. The electricidal effect: Reduction of Staphylococcus and
Pseudomonas biofilms by prolonged exposure to low-intensity electrical current. Antimicrob. Agents Chemother. 2009, 53, 41-45.
[CrossRef] [PubMed]

Yu, H,; Liu, Y;; Li, L.; Guo, Y,; Xie, Y.; Cheng, Y.; Yao, W. Ultrasound-involved emerging strategies for controlling foodborne
microbial biofilms. Trends Food Sci. Technol. 2020, 96, 91-101. [CrossRef]

Vyas, N.; Manmi, K.; Wang, Q.; Jadhav, A.].; Barigou, M.; Sammons, R.L.; Kuehne, S.A.; Walmsley, A.D. Which parameters affect
biofilm removal with acoustic cavitation? A review. Ultrasound Med. Biol. 2019, 45, 1044-1055. [CrossRef] [PubMed]

Erriu, M.; Blus, C.; Szmukler-Moncler, S.; Buogo, S.; Levi, R.; Barbato, G.; Madonnaripa, D.; Denotti, G.; Piras, V.; Orru, G.
Microbial biofilm modulation by ultrasound: Current concepts and controversies. Ultrason. Sonochem. 2014, 21, 15-22. [CrossRef]
Chemat, F.; Rombaut, N.; Sicaire, A.-G.; Meullemiestre, A.; Fabiano-Tixier, A.-S.; Abert-Vian, M. Ultrasound assisted extraction of
food and natural products. Mechanisms, techniques, combinations, protocols and applications. A review. Ultrason. Sonochem.
2017, 34, 540-560. [CrossRef] [PubMed]

LuTheryn, G.; Glynne-Jones, P.; Webb, ].S.; Carugo, D. Ultrasound-mediated therapies for the treatment of biofilms in chronic
wounds: A review of present knowledge. Microb. Biotechnol. 2020, 13, 613—-628. [CrossRef]

Oulahal, N.; Martial-Gros, A.; Bonneau, M.; Blum, L.J. Removal of meat biofilms from surfaces by ultrasounds combined with
enzymes and/or a chelating agent. Innov. Food Sci. Emerg. Technol. 2007, 8, 192-196. [CrossRef]

Sultana, S.T.; Babauta, J.T.; Beyenal, H. Electrochemical biofilm control: A review. Biofouling 2015, 31, 745-758. [CrossRef]
Gomes, I.B.; Simoées, M.; Simées, L.C. Copper surfaces in biofilm control. Nanomaterials 2020, 10, 2491. [CrossRef] [PubMed]
Damrongsaktrakul, P.; Ruengvisesh, S.; Rahothan, A.; Sukhumrat, N.; Tuitemwong, P.; Phung-On, I. Removal of Salmonella
Typhimurium biofilm from food contact surfaces using quercus infectoria gall extract in combination with a surfactant. J. Microbiol.
Biotechnol. 2021, 31, 439-446. [CrossRef]

Byun, K.-H.; Han, S.H.; Yoon, J.-w.; Park, S.H.; Ha, S.-D. Efficacy of chlorine-based disinfectants (sodium hypochlorite and
chlorine dioxide) on Salmonella Enteritidis planktonic cells, biofilms on food contact surfaces and chicken skin. Food Cont. 2021,
123, 107838. [CrossRef]

Bonneville, L.; Maia, V.; Barroso, I.; Martinez-Sudrez, ].V.; Brito, L. Lactobacillus plantarum in dual-species biofilms with Listeria
monocytogenes enhanced the anti-Listeria activity of a commercial disinfectant based on hydrogen peroxide and peracetic acid.
Front. Microbiol. 2021, 12, 631627. [CrossRef]

Kim, H.; Moon, M.J.; Kim, C.Y.; Ryu, K. Efficacy of chemical sanitizers against Bacillus cereus on food contact surfaces with scratch
and biofilm. Food Sci. Biotechnol. 2019, 28, 581-590. [CrossRef]

Akbas, M.Y,; Cag, S. Use of organic acids for prevention and removal of Bacillus subtilis biofilms on food contact surfaces. Food Sci.
Technol. Int. 2016, 22, 587-597. [CrossRef]

Cisneros, L.; Cattelan, N.; Villalba, M.L; Rodriguez, C.; Serra, D.O.; Yantorno, O.; Fadda, S. Lactic acid bacteria biofilms and their
ability to mitigate Escherichia coli O157:H7 surface colonization. Lett. Appl. Microbiol. 2021, 73, 247-256. [CrossRef]

Toushik, S.H.; Kim, K.; Ashrafudoulla, M.; Mizan, M.ER.; Roy, PK.; Nahar, S.; Kim, Y.; Ha, S.-D. Korean kimchi-derived lactic
acid bacteria inhibit foodborne pathogenic biofilm growth on seafood and food processing surface materials. Food Cont. 2021, 129,
108276. [CrossRef]

Li, Y,; Dong, R.; Ma, L.; Qian, Y.; Liu, Z. Combined anti-biofilm enzymes strengthen the eradicate effect of Vibrio parahaemolyticus
biofilm: Mechanism on cpsA-] expression and application on different carriers. Foods 2022, 11, 1305. [CrossRef]

Ge, L.; Zhao, Y.-S.; Mo, T.; Li, J.-R.; Li, P. Immobilization of glucose oxidase in electrospun nanofibrous membranes for food
preservation. Food Cont. 2012, 26, 188-193. [CrossRef]

Mnif, S.; Jardak, M.; Yaich, A.; Aifa, S. Enzyme-based strategy to eradicate monospecies Macrococcus caseolyticus biofilm
contamination in dairy industries. Int. Dairy J. 2020, 100, 104560. [CrossRef]

Korany, A.M.; Hua, Z.; Green, T.; Hanrahan, I.; El-Shinawy, S.H.; El-Kholy, A.; Hassan, G.; Zhu, M.]. Efficacy of ozonated water,
chlorine, chlorine dioxide, quaternary ammonium compounds and peroxyacetic acid against Listeria monocytogenes biofilm on
polystyrene surfaces. Front. Microbiol. 2018, 9, 2296. [CrossRef]

Lee, S.H.I; Cappato, L.P,; Corassin, C.H.; Cruz, A.G; Oliveira, C.A.F. Effect of peracetic acid on biofilms formed by Staphylococcus
aureus and Listeria monocytogenes isolated from dairy plants. J. Dairy Sci. 2016, 99, 2384-2390. [CrossRef]

Scaramuzza, N.; Mutti, P.; Cigarini, M.; Berni, E. Effect of peracetic acid on ascospore-forming molds and test microorganisms
used for bio-validations of sanitizing processes in food plants. Int. ]. Food Microbiol. 2020, 332, 108772. [CrossRef] [PubMed]


https://doi.org/10.1097/SLA.0000000000002504
https://doi.org/10.1155/2016/9727810
https://doi.org/10.1128/AAC.00680-08
https://www.ncbi.nlm.nih.gov/pubmed/18955534
https://doi.org/10.1016/j.tifs.2019.12.010
https://doi.org/10.1016/j.ultrasmedbio.2019.01.002
https://www.ncbi.nlm.nih.gov/pubmed/30792088
https://doi.org/10.1016/j.ultsonch.2013.05.011
https://doi.org/10.1016/j.ultsonch.2016.06.035
https://www.ncbi.nlm.nih.gov/pubmed/27773280
https://doi.org/10.1111/1751-7915.13471
https://doi.org/10.1016/j.ifset.2006.10.001
https://doi.org/10.1080/08927014.2015.1105222
https://doi.org/10.3390/nano10122491
https://www.ncbi.nlm.nih.gov/pubmed/33322518
https://doi.org/10.4014/jmb.2101.01014
https://doi.org/10.1016/j.foodcont.2020.107838
https://doi.org/10.3389/fmicb.2021.631627
https://doi.org/10.1007/s10068-018-0482-2
https://doi.org/10.1177/1082013216633545
https://doi.org/10.1111/lam.13509
https://doi.org/10.1016/j.foodcont.2021.108276
https://doi.org/10.3390/foods11091305
https://doi.org/10.1016/j.foodcont.2012.01.022
https://doi.org/10.1016/j.idairyj.2019.104560
https://doi.org/10.3389/fmicb.2018.02296
https://doi.org/10.3168/jds.2015-10007
https://doi.org/10.1016/j.ijfoodmicro.2020.108772
https://www.ncbi.nlm.nih.gov/pubmed/32622248

Antibiotics 2025, 14, 254 17 of 18

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Moretrg, T.; Fanebust, H.; Fagerlund, A.; Langsrud, S. Whole room disinfection with hydrogen peroxide mist to control Listeria
monocytogenes in food industry related environments. Int. J. Food Microbiol. 2019, 292, 118-125. [CrossRef]

Stearns, R.; Freshour, A.; Shen, C. Literature review for applying peroxyacetic acid and/or hydrogen peroxide to control foodborne
pathogens on food products. J. Agric. Food Res. 2022, 10, 100442. [CrossRef]

De Roos, J.; De Vuyst, L. Acetic acid bacteria in fermented foods and beverages. Curr. Opin. Biotechnol. 2018, 49, 115-119.
[CrossRef]

Secchi, E.; Savorana, G.; Vitale, A.; Eberl], L.; Stocker, R.; Rusconi, R. The structural role of bacterial eDNA in the formation of
biofilm streamers. Proc. Natl. Acad. Sci. USA 2022, 119, €2113723119. [CrossRef] [PubMed]

Beck, C.I; Scott, D.O.N. Enzymes in foods-for better or worse. In Food Related Enzymes; Advances in Chemistry; American
Chemical Society: Washington, DC, USA, 1974; Volume 136, pp. 1-30.

Kim, H.S.; Ashrafudoulla, M.; Kim, B.R.; Mizan, M.ER.; Jung, S.J.; Sadekuzzaman, M.; Park, S.H.; Ha, S.D. The application of
bacteriophage to control Cronobacter sakazakii planktonic and biofilm growth in infant formula milk. Biofouling 2021, 37, 606-614.
[CrossRef]

Byun, K.-H.; Han, S.H.; Choi, M.W.; Kim, B.-H.; Park, S.H.; Ha, S.-D. Biofilm eradication ability of phage cocktail against Listeria
monocytogenes biofilms formed on food contact materials and effect on virulence-related genes and biofilm structure. Food Res. Int.
2022, 157, 111367. [CrossRef] [PubMed]

Islam, M.S,; Yang, X.; Euler, CW.; Han, X,; Liu, J.; Hossen, M.L; Zhou, Y.; Li, J. Application of a novel phage ZPAH7 for controlling
multidrug-resistant Aeromonas hydrophila on lettuce and reducing biofilms. Food Cont. 2021, 122, 107785. [CrossRef]
Marchese, A.; Arciola, C.R.; Coppo, E.; Barbieri, R.; Barreca, D.; Chebaibi, S.; Sobarzo-Sanchez, E.; Nabavi, S.F,; Nabavi, S.M.;
Daglia, M. The natural plant compound carvacrol as an antimicrobial and anti-biofilm agent: Mechanisms, synergies and
bio-inspired anti-infective materials. Biofouling 2018, 34, 630-656. [CrossRef]

Liu, Y.; Dong, P; Zhu, L.; Zhang, Y.; Luo, X. Effect of four kinds of natural antimicrobial compounds on the biofilm formation
ability of Listeria monocytogenes isolated from beef processing plants in China. LWT-Food Sci. Technol. 2020, 133, 110020. [CrossRef]
Pleva, P; Bartosov4, L.; Macalovd, D.; Zélesakova, L.; Sedlafikovd, J.; Janalikovd, M. Biofilm formation reduction by eugenol and
thymol on biodegradable food packaging material. Foods 2021, 11, 2. [CrossRef] [PubMed]

Lee, J.E.; Lee, N.K; Paik, H.D. Antimicrobial and anti-biofilm effects of probiotic Lactobacillus plantarum KU200656 isolated from
kimchi. Food Sci. Biotechnol. 2021, 30, 97-106. [CrossRef]

Tazehabadi, M.H.; Algburi, A.; Popov, I.V.; Ermakov, A.M.; Chistyakov, V.A.; Prazdnova, E.V.; Weeks, R.; Chikindas, M.L.
Probiotic Bacilli inhibit Salmonella biofilm formation without killing planktonic cells. Front. Microbiol. 2021, 12, 615328. [CrossRef]
Rezaei, Z.; Salari, A.; Khanzadi, S.; Rhim, ].W.; Shamloo, E. Preparation of milk-based probiotic lactic acid bacteria biofilms: A
new generation of probiotics. Food Sci. Nutr. 2023, 11, 2915-2924. [CrossRef]

Mgomi, FE.C.; Yuan, L.; Chen, C.w.; Zhang, Y.s.; Yang, Z.q. Bacteriophages: A weapon against mixed-species biofilms in the food
processing environment. . Appl. Microbiol. 2022, 133, 2107-2121. [CrossRef]

Gutierrez, D.; Rodriguez-Rubio, L.; Martinez, B.; Rodriguez, A.; Garcia, P. Bacteriophages as weapons against bacterial biofilms in
the food industry. Front. Microbiol. 2016, 7, 825. [CrossRef]

Jaroni, D.; Litt, PK.; Bule, P.; Rumbaugh, K. Effectiveness of bacteriophages against biofilm-forming shiga-toxigenic Escherichia
coli in vitro and on food-contact surfaces. Foods 2023, 12, 2787. [CrossRef]

Wang, C.; Hang, H.; Zhou, S.; Niu, Y.D.; Du, H.; Stanford, K.; McAllister, T.A. Bacteriophage biocontrol of Shiga toxigenic
Escherichia coli (STEC) O145 biofilms on stainless steel reduces the contamination of beef. Food Microbiol. 2020, 92, 103572.
[CrossRef]

Radford, D.; Guild, B.; Strange, P.; Ahmed, R.; Lim, L.T.; Balamurugan, S. Characterization of antimicrobial properties of Salmonella
phage Felix O1 and Listeria phage A511 embedded in xanthan coatings on Poly(lactic acid) films. Food Microbiol. 2017, 66, 117-128.
[CrossRef] [PubMed]

Islam, M.S.; Zhou, Y,; Liang, L.; Nime, I.; Liu, K,; Yan, T.; Wang, X.; Li, ]. Application of a phage cocktail for control of Salmonella
in foods and reducing biofilms. Viruses 2019, 11, 841. [CrossRef] [PubMed]

Pires, D.P,; Melo, L.D.R.; Azeredo, J]. Understanding the complex phage-host interactions in biofilm communities. Annu. Rev.
Virol. 2021, 8, 73-94. [CrossRef]

Visnapuu, A.; Van der Gucht, M.; Wagemans, J.; Lavigne, R. Deconstructing the phage-bacterial biofilm interaction as a basis to
establish new antibiofilm strategies. Viruses 2022, 14, 1057. [CrossRef]

Rossi, C.; Chaves-Lépez, C.; Serio, A.; Casaccia, M.; Maggio, E; Paparella, A. Effectiveness and mechanisms of essential oils for
biofilm control on food-contact surfaces: An updated review. Crit. Rev. Food Sci. Nutr. 2022, 62, 2172-2191. [CrossRef]
Sadekuzzaman, M.; Mizan, M.ER,; Kim, H.-S.; Yang, S.; Ha, S.-D. Activity of thyme and tea tree essential oils against selected
foodborne pathogens in biofilms on abiotic surfaces. LWT-Food Sci. Technol. 2018, 89, 134-139. [CrossRef]


https://doi.org/10.1016/j.ijfoodmicro.2018.12.015
https://doi.org/10.1016/j.jafr.2022.100442
https://doi.org/10.1016/j.copbio.2017.08.007
https://doi.org/10.1073/pnas.2113723119
https://www.ncbi.nlm.nih.gov/pubmed/35290120
https://doi.org/10.1080/08927014.2021.1943741
https://doi.org/10.1016/j.foodres.2022.111367
https://www.ncbi.nlm.nih.gov/pubmed/35761627
https://doi.org/10.1016/j.foodcont.2020.107785
https://doi.org/10.1080/08927014.2018.1480756
https://doi.org/10.1016/j.lwt.2020.110020
https://doi.org/10.3390/foods11010002
https://www.ncbi.nlm.nih.gov/pubmed/35010130
https://doi.org/10.1007/s10068-020-00837-0
https://doi.org/10.3389/fmicb.2021.615328
https://doi.org/10.1002/fsn3.3273
https://doi.org/10.1111/jam.15421
https://doi.org/10.3389/fmicb.2016.00825
https://doi.org/10.3390/foods12142787
https://doi.org/10.1016/j.fm.2020.103572
https://doi.org/10.1016/j.fm.2017.04.015
https://www.ncbi.nlm.nih.gov/pubmed/28576360
https://doi.org/10.3390/v11090841
https://www.ncbi.nlm.nih.gov/pubmed/31510005
https://doi.org/10.1146/annurev-virology-091919-074222
https://doi.org/10.3390/v14051057
https://doi.org/10.1080/10408398.2020.1851169
https://doi.org/10.1016/j.lwt.2017.10.042

Antibiotics 2025, 14, 254 18 of 18

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

dos Santos Rodrigues, J.B.; de Carvalho, R.J.; de Souza, N.T.; de Sousa Oliveira, K.; Franco, O.L.; Schaffner, D.; de Souza, E.L.;
Magnani, M. Effects of oregano essential oil and carvacrol on biofilms of Staphylococcus aureus from food-contact surfaces. Food
Cont. 2017, 73, 1237-1246. [CrossRef]

Greene, A.C.; Acharya, A.P; Lee, S.B.; Gottardi, R.; Zaleski, E.; Little, S.R. Cranberry extract-based formulations for preventing
bacterial biofilms. Drug Deliv. Transl. Res. 2021, 11, 1144-1155. [CrossRef] [PubMed]

Wu, X,; Santos, R.R.; Fink-Gremmels, J. Analyzing the antibacterial effects of food ingredients: Model experiments with allicin
and garlic extracts on biofilm formation and viability of Staphylococcus epidermidis. Food Sci. Nutr. 2015, 3, 158-168. [CrossRef]
Zhu, J.; Huang, X.; Zhang, F,; Feng, L.; Li, J. Inhibition of quorum sensing, biofilm, and spoilage potential in Shewanella baltica by
green tea polyphenols. J. Microbiol. 2015, 53, 829-836. [CrossRef]

Li, Y,; Li, S; Yang, K; Guo, R;; Zhu, X;; Shi, Y.; Huang, A. Antibiofilm mechanism of a novel milk-derived antimicrobial peptide
against Staphylococcus aureus by downregulating agr quorum sensing system. J. Appl. Microbiol. 2022, 133, 2198-2209. [CrossRef]
Palmieri, G.; Balestrieri, M.; Capuano, E; Proroga, Y.T.R.; Pomilio, F.; Centorame, P.; Riccio, A.; Marrone, R.; Anastasio, A.
Bactericidal and antibiofilm activity of bactenecin-derivative peptides against the food-pathogen Listeria monocytogenes: New
perspectives for food processing industry. Int. J. Food Microbiol. 2018, 279, 33-42. [CrossRef]

Tomé, A.R.; Carvalho, EM.; Teixeira-Santos, R.; Burmelle, M.; Mergulhao, E].M.; Gomes, L.C. Use of probiotics to control biofilm
formation in food industries. Antibiotics 2023, 12, 754. [CrossRef]

Salas-Jara, M.J.; Ilabaca, A.; Vega, M.; Garcia, A. Biofilm forming Lactobacillus: New challenges for the development of probiotics.
Microorganisms 2016, 4, 35. [CrossRef] [PubMed]

Vuotto, C.; Longo, F.; Donelli, G. Probiotics to counteract biofilm-associated infections: Promising and conflicting data. Int. J. Oral
Sci. 2014, 6, 189-194. [CrossRef]

Wasfi, R.; Abd El-Rahman, O.A.; Zafer, M.M.; Ashour, H.M. Probiotic Lactobacillus sp. inhibit growth, biofilm formation and gene
expression of caries-inducing Streptococcus mutans. J. Cell. Mol. Med. 2018, 22, 1972-1983. [CrossRef]

Carvalho, EM.; Mergulhao, FJ.M.; Gomes, L.C. Using Lactobacilli to fight Escherichia coli and Staphylococcus aureus biofilms on
urinary tract devices. Antibiotics 2021, 10, 1525. [CrossRef] [PubMed]

Sarikaya, H.; Aslim, B.; Yuksekdag, Z. Assessment of anti-biofilm activity and bifidogenic growth stimulator (BGS) effect of
lyophilized exopolysaccharides (I-EPSs) from Lactobacilli strains. Int. J. Food Propert. 2017, 20, 362-371. [CrossRef]
Krishnamoorthi, R.; Srinivash, M.; Mahalingam, P.U.; Malaikozhundan, B.; Suganya, P.; Gurushankar, K. Antimicrobial, anti-
biofilm, antioxidant and cytotoxic effects of bacteriocin by Lactococcus lactis strain CH3 isolated from fermented dairy products-An
in vitro and in silico approach. Int. J. Biol. Macromol. 2022, 220, 291-306. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodcont.2016.10.043
https://doi.org/10.1007/s13346-020-00837-x
https://www.ncbi.nlm.nih.gov/pubmed/32783154
https://doi.org/10.1002/fsn3.199
https://doi.org/10.1007/s12275-015-5123-3
https://doi.org/10.1111/jam.15653
https://doi.org/10.1016/j.ijfoodmicro.2018.04.039
https://doi.org/10.3390/antibiotics12040754
https://doi.org/10.3390/microorganisms4030035
https://www.ncbi.nlm.nih.gov/pubmed/27681929
https://doi.org/10.1038/ijos.2014.52
https://doi.org/10.1111/jcmm.13496
https://doi.org/10.3390/antibiotics10121525
https://www.ncbi.nlm.nih.gov/pubmed/34943738
https://doi.org/10.1080/10942912.2016.1160923
https://doi.org/10.1016/j.ijbiomac.2022.08.087
https://www.ncbi.nlm.nih.gov/pubmed/35981676

	Introduction 
	Physical Strategies for Controlling Bacterial Biofilms in the Food Industry 
	Thermal Processing for Biofilm Removal in Food Processing Environments 
	Bioelectric Effects for Enhanced Biofilm Control in Food Processing Applications 
	Applications of Ultrasound for Biofilm Disruption in Food Industry 
	Promising Surface Modification Strategies for Biofilm Control in Food Equipment 

	Chemical Treatments in Food Processing and Biofilm Control 
	Chemical Agents for Biofilm Control in Food Processing 
	Acidulants for Biofilm Control in Food Processing 
	Enzyme-Based Approaches for Biofilm Control in Food Processing 

	Alternative Methods for Biofilm Elimination in Food Industry 
	Challenges and Potential of Bacteriophages in Food Biofilm Management 
	Plant-Based and Peptide Solutions for Biofilm Control in Food Safety 
	Probiotics for Biofilm Control in Food Systems 

	Conclusions 
	References

