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Abstract: The ability of some pathogenic bacterial species to form biofilms on surfaces of equipment and utensils is
of great concern to the food industry since they represent a continuous source of contamination in food processing
environments. In this review, the factors involved in the formation of microbial biofilms are highlighted, along with
a discussion on the preventive disinfection procedures recommended to avoid the attachment of microbial cells on
surfaces of equipment and utensils in food processing areas. Relevant articles published in the last 10 years (2012-present)
were selected in PubMed, Science Direct, and Google Scholar. Methods for assessing the adhesion and biofilm
formation ability of strains isolated from surfaces in the food industry environment are also presented.
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1. Introduction

Biofilms can be defined as complex and highly organized microbial communities formed on biotic or abiotic
surfaces, which contain widespread channels in an extracellular polymeric matrix that provide the exchange of nutrients,
metabolites, and waste products among the cells [1, 2]. In food processing environments, biofilms are the major cause
for the persistence of bacterial cells on food contact surfaces such as equipment and utensils, hence constituting a
continuous source of food contamination [3, 4]. Thus, most of the pathogenic or spoilage bacteria in food production
systems can be detected on surfaces in the form of planktonic or attached cells, or in community arrangements as a
biofilm [5]. For example, there is evidence on the ability of Staphylococcus aureus and Listeria monocytogenes to
adhere on the surfaces of food contact materials including stainless steel, rubber, polypropylene, and glass, as well
as on the surface of food products [6]. Therefore, the persistence of biofilms formed by pathogenic bacteria on these
surfaces is an important cause of food contamination with increased risks of food poisoning outbreaks [3] and negative
consequences for public health [6].

In the food industry, factors the environment temperature, pH of food materials, and availability of their residues
can markedly influence the biofilm formation of pathogenic and spoilage bacteria [4, 7-9]. These factors may also
increase the resistance of attached cells to disinfection procedures [9-11], which difficult the elimination of the biofilm
from food processing environments by conventional cleaning procedures [1, 12]. The objective of this mini-review was
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to highlight the data reported on the formation of microbial biofilms on surfaces in food processing environments, and
the relevance of surface cleaning and disinfection strategies on biofilm prevention.

2. Formation of microbial biofilms on surfaces in the food industry

Pathogenic bacteria can be incorporated into food processing environments by direct contact with food surfaces
from equipment and utensils [13], handlers, and the water used in the cleaning operations or as an ingredient during
food manufacture [14]. Several bacterial species are able to produce biofilms on the surface of different materials
commonly used in food industries [15]. Bacillus cereus, Escherichia coli, Shigella spp., and S. aureus have been shown
to develop biofilms in industrial premises [16, 17], and outbreaks caused by L. monocytogenes, Yersinia enterocolitica,
Campylobacter jejuni, Salmonella spp., and E. coli O157:H7 have been linked to biofilms detected in the dairy industry
[1,4, 7,12, 18, 19]. Bacterial species that form biofilms have genomic variations that determine the characteristics of
the biofilm, which can originate different biofilms depending on the conditions [1, 4]. The adhesion, formation process,
stage of adhesion, maturation, and the final dispersion of biofilms and consequent persistence of microbial pathogens in
the food processing environment may be considered as a response to both biotic and abiotic factors, and the properties
of some surfaces simplify microbial binding [20].

The life cycle of biofilm comprises the attachment, proliferation, accumulation, maturation, and dispersal. In
addition to the type of bacterial genus and species including genetic variations, the degree of attachment and biofilm
formation are highly influenced by extrinsic factors, such as the access to nutrients and the nature of the surface
material. Generally, the attachment will occur promptly on surfaces that are rougher, more hydrophobic, and crusted.
In particular, surfaces that have direct contact with food materials have a favoring effect on the level of attachment and
biofilm formation [20], due to the interaction between the microbial cells and the amount of food residues on surfaces.
Moreover, the attachment of microbial cells onto a given surface can be modulated by physical properties, such as
electrostatic charges, hydrophobicity, and roughness of the surface [21]. These properties are highly variable among the
materials commonly used in the food industry, such as stainless steel, rubber, polypropylene, and silicone, as presented
in Table 1. Stainless steel is one of the most employed materials in the construction of food equipment, mainly because
of its high durability and resistance to corrosion [17]. However, most of the pathogens involved in food-borne discases
can adhere to the majority of materials encountered in food production plants, and several reports have demonstrated the
ability of bacterial cells to produce biofilms on the aforementioned materials [5, 22, 23].

Table 1. Materials commonly used in the food industry, on which pathogenic bacteria have been reported to attach and develop biofilms

Type of surface Main characteristics Pathogenic bacterial species Reference

Highly hydrophobic and resistant;

Stainless steel Tow roughness of the surface L. monocytogenes, S. aureus [24]
Hydrophilic and low resistant;

Rubber high roughness with large surface area Staphylococcus aureus (8]

Plastic (polypropylene) 1E\z§f)?$%t§scs?fdtﬁ?$afgge Listeria monocytogenes [7]

Silicone Highly hydrophobic and low resistant; S aureus 8]

intermediate roughness of the surface

3. Detection of biofilms on surfaces in the food industry

The detection of microbial biofilms in the food processing environment is a difficult task, although experimental
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techniques can be used for assessing the adhesion, detachment, and biofilm formation ability of strains isolated from
materials commonly used in the food industry [7, 8]. Initially, regular investigations of the prevalence and identification
of pathogenic strains are required throughout the equipment and utensils in the food industry. To assess the biofilm-
formation ability of the isolates, static biofilm systems may be used in view of the simplicity of experimental procedures
and the possibility of standardization of conditions [3]. To this end, Microtiter Plate (MTP)-based assays can be used for
assessing the ability of selected microbial strains to produce biofilms i vitro and estimate their resistance to biocides [24].
In MTP assays, the biofilm can be formed and matured on the bottom or on the walls of the microplate wells. Crystal
Violet (CV) staining is frequently used in MTP assays to quantitatively indicate the bacterial biomass but not the viable
cells in the biofilm [25]. Moreover, it provides robust, low-cost experimental conditions for the evaluation of a high
number of simultaneous variables for biofilm studies (e.g., several types of strains, biocides, and concentrations against
them) [3]. However, the MTP assay is not suitable for the biofilm on other material surfaces, such as stainless steel,
glass, and aluminum. In this case, biofilm quantification should be accomplished by plate count methods, along with
visualization by scanning electron microscopy or confocal laser scanning microscopy [14, 24], among other techniques.

A number of microscopic techniques have also been used for the examination of microbial biofilm on surfaces,
such as scanning electron microscopy [26-30], fluorescence microscopy [31-34], and confocal laser scanning [35-38].
Among the available techniques, LIVE/DEAD® BacLight assay is one of the most used for assessing the viability of
cells in the biofilm structure, based on two different nucleic acid binding stains. Thus, LIVE/DEAD assay can detect
live or dead cells but not the biofilm biomass. The first dye (Syto9, which is green fluorescent) provides information on
living cells since it is able to cross cell membranes and bind to DNA of both Gram-positive and Gram-negative bacteria.
The second dye is the propidium-iodide (red fluorescent), which crosses only damaged membranes thus indicating only
dead cells using a fluorescent optical microscopy [39]. However, the main limitation of this technique is the requirement
of extensive observations representative sections of the sample [39], which provides only semi-quantitative results [12].
RNA-based qPCR has also been applied not only to quantify but also to characterize microbial interactions within dual-
species biofilms composed by Pseudomonas aeruginosa and S. aureus [40]. The qPCR method can evaluate specific
gene expression along with the quantification of bacterial populations in dual-species biofilms when the profusion of
gene transcription is calculated by normalization against ref mRNA [41]. The sensitivity of gPCR to quantify species
with extremely low cell numbers may limit its ability to quantify less prevalent species in the community [5, 41].

4. Surface cleaning and disinfection strategies for prevention of microbial
biofilms

Ideally, preventing biofilm formation seems more logical than removing it [5]. Therefore, the prevention of food-
borne diseases that can be transmitted by surface contamination of equipment and utensils is based on the efficient
reduction of pathogens by proper washing and disinfection by biocides [42, 43]. In this context, regular and effective
cleaning and disinfection procedures are fundamental to control pathogen dissemination on either industrial equipment
or the food products themselves [44]. However, the effectiveness of a given hygienic method is dependent on the status
of the residual material on the surface [24]. Additionally, improper cleaning procedures may convert the fouling layer
from a readily removable form to one harder to remove, thus providing a permanent substrate for microbial biofilm
formation [19].

Biofilm growth on surfaces in the food processing environment can also result in economic losses [1, 4, 19] since
they often require the suspension of manufacturing steps and additional labor for effective removal of biofilms by
stringent cleaning and disinfection procedures [19, 21]. Furthermore, the formation of microbial biofilms on the internal
surface of thermal equipment such as pasteurizers and sterilizers may lead to corrosion of the material and to reduced
efficiency of heat exchangers, thus causing huge losses for the food industry especially in smaller scale processing units
[45, 46].

Most of the application guidelines of biocides used in the food industry, such as sodium hypochlorite, ammonium
quaternary, and Peracetic Acid (PAA), have been developed for planktonic cells from microorganisms [47], although
the great majority of microorganisms on surfaces live as adherent communities. In addition, the scientific literatures
have already indicated that the bacterial cells living in biofilm communities may be up to 1,000-fold more resistant to
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biocides, or sanitizers, than their respective planktonic cells [10, 48, 49]. In addition, the usual sanitizing procedures
applied in food industries are not only fully effective on biofilm structures but can also induce the selection of
phenotypes that are more resistant to biocides [5].

The effectiveness of sanitizers on bacterial reduction has many factors depending on the product type, target
microorganisms, time interval between contamination and washing, and treatment time [14, 19]. The effective removal
of microbial biofilms is possible depending on the type and composition of the food residue displayed on the surfaces,
and the phenotypic and genotypic characteristics of microorganisms in the microbial community [5]. Furthermore,
specific detergents and disinfectants in food industries should be selected according to their efficacy, safety, and
case of removal, as well as the possibility of generating sensory defects on the final products [1, 14, 19]. It has been
reported that the efficacy of biocides against biofilms increases at higher concentrations and treatment times [10]. The
effectiveness of a given biocide is usually demonstrated when it can reduce the counts of the targeted organism by at
least 3 log cycles (99.9%) [50]. As an example, one of the most widely used sanitizers in the food industry is Peracetic
Acid (PAA), which has proven to be effective on planktonic bacterial cells [51]. PAA is a strong biocide with a wide
spectrum of antimicrobial activity that was introduced to wastewater treatment several years ago and is largely used in
the food, beverage, and paper industries [1]. PAA is active in a wide range of temperatures (0-25 °C) and at pH values
of 3.0 to 7.5 [52]. This compound has an important advantage when compared with chlorine and its derivate since PAA
does not originate any mutagenic by-products at concentrations normally used for disinfection [52]. The mechanism of
action of PAA against micro-organisms is based on the denaturation of proteins and enzymes, as well as increased cell
wall permeability by oxidizing sulfhydryl and disulfide bonds [53]. Moreover, PAA is not affected by protein residues
and decomposes into safe and environmentally friendly residues (acetic acid and hydrogen peroxide), which allows
applications in food processing without risks of food contamination by toxic residues [32, 54].

There have been significant advances in the development of biocontrol methods, particularly with bacteriophages.
Phages can affect bacterial biofilms by integrating into the bacterial genome thus affecting the biofilm formation, by
promoting cell lysis in the biofilm by encoding lyase, or through phage enzymes that degrade extracellular polymers
and destroy the polysaccharide matrix and proteins in the biofilm [55]. The use of competitive bacterial species also
showed some promising results with the concept of using antagonist strains isolated from the production environment
[56]. Bacteriocins and endolysins have also shown their ability to reduce established biofilms. The lysin PlyLM reduced
the monolayer biofilms of L. monocytogenes to the same level as the application of lysozyme and proteinase K [57].
However, the sensory implications and the concentrations required for antimicrobial effects are major limiting factors
for using these compounds as single biocontrol methods for application on food contact surfaces. Moreover, like other
control methods, effectiveness can be affected by a variety of factors, including temperature and time, biofilms of one or
more species, biofilm growth method, and surface matrix composition [57].

In addition to biological and/or chemical alternatives, physical-based processes such as pulsed-light or plasma
treatments are promising technologies to reduce microbial contamination in the food industry. In particular, the plasma
as the fourth state of matter can be generated by the ionization of several gases, including argon, helium, nitrogen, air,
or oxygen alone or in mixtures. Plasmas are categorized into thermal or non-thermal, with Cold Plasma (CP) as one of
the most studied, non-thermal technology aiming to decontaminate the microbial load surfaces of food products [58].
The main advantages of CP include the fact of being a chemical and water-free technology, and the possibility of openly
and continuously operation at atmospheric pressure [59]. CP has been demonstrated to be effective for destroying
or inactivate planktonic cells from bacteria, yeasts, and molds, as well as spores that are generally very difficult to
inactivate using conventional methods [57]. Furthermore, previous studies have indicated the effectiveness of CP as an
emerging technology for the treatment of microbial contaminations on food surfaces [52, 60], opening new perspectives
for tackling the microbial biofilm problem in the food industry. Further studies should determine the effectiveness of
CP exposure times on biofilms formed by foodborne pathogens on surfaces under real conditions in food processing
environments.

5. Concluding remarks

The importance of biofilms on surfaces in the food industries has been highlighted in several works, although
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the mechanisms involved in the formation of multiple species biofilms are not yet entirely understood. The microbial
biofilms formed in food processing environments can be extremely resistant and complicated to eliminate, with negative
consequences for public health. It is imperative to understand the interactions between bacteria and surfaces in specific
food processing environments, and the impacts of bacteria associated with the surface on cleaning and disinfection,
to provide more effective measures for preventing biofilm formation, biofilm removal, and preventive disinfection
procedures. Therefore, the successful implementation of food standard programs is required to avoid food contamination
by microbial biofilms. In this context, the correct application of quality tools, such as Sanitation Standard Operating
Procedure and Hazard Analysis of Critical Control Points, along with complete and daily inspection of equipment and
utensils, are of fundamental importance for the prevention of biofilm formation in food processing environments.
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