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ABSTRACT

Contamination of food by Listeria monocytogenes (L.m) frequently occurs in food processing
environments, where cells persist due to their ability to attach to surfaces. L.m is able to attach
to and colonize environmental surfaces by producing a three-dimensional matrix of extracellu-
lar polymeric substances (EPS) called biofilm; such structures are dynamic systems. Once es-
tablished, biofilms can serve as a source of product contamination. Moreover, L.m in the biofilm
state shows a reduced susceptibility to antimicrobial agents. The present review focuses on L.m
biofilms in food processing environments. In addition, some aspects of biofilm control and erad-
ication are highlighted.
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INTRODUCTION

Listeria monocytogenes is a ubiquitous facul-
tative intracellular bacterium that is potentially
pathogenic to humans (FARBER and PETERKIN,
1991). This pathogen is frequently isolated from
a variety of food products and also from soil, veg-
etation, fecal matter, sewage, water, and animal
feed (DONNELY, 2001; MOLTZ and MARTIN, 2005;
TOMPKIN, 2002). Meat, poultry, dairy, vegetables,
and ready to eat (RTE) products have all been
implicated as vehicles of listeriosis (CONTER et
al., 2009a; EFSA, 2007; TEIXEIRA et al., 2007).
In fact, ingestion of food contaminated with L.m
is the primary route of transmission to humans
(DUSSURGET, 2008).

Although the incidence of listeriosis is low, it
remains a public health concern because of its
high mortality rate (20-30%) (SUTHERLAND et al.,
2004). L.m strains show heterogeneous levels of
virulence (LIU et al., 2007) that are regulated by
the presence of pathogen-specific genetic factors,
which affect the outcome of human and animal
infection (CONTER et al., 2009a; THEVENOT et
al., 2006). Additional factors, however, may con-
tribute to the pathogenesis potential (CHATTER-
JEE et al., 2006). L.mis able to colonize surfac-
es, and particular subtypes may persist in food
production plants for several years (PIETTE and
IDZIAK, 1991). One reason for this persistence
may be the ability of L.m to form biofilms (SCH-
LECH et al., 1983). Biofilms are assemblages of
microorganisms that adhere to each other and/
or to a surface and are embedded in a matrix of
exopolymers (MORRIS and MONIER, 2003). Par-
ticularly, biofilms allow microorganisms to per-
sist in the environment and resist desiccation,
UV light, and treatment with antimicrobial and
sanitizing agents (DI BONAVENTURA et al., 2008).

BIOFILM FORMATION

The term “biofilm” was created to describe the
sessile form of microbial life, characterized by
adhesion of microorganisms to biotic or abiot-
ic surfaces, with consequent extracellular pro-
duction of polymeric substances (MUSK et al.,
2005). It is now generally accepted that bacte-
ria grow preferentially as biofilms (HALL-STOOD-
LEY and STOODLEY, 2005). In fact, in nature
and food systems, microorganisms are attract-
ed to solid surfaces. Initially, microorganisms
are simply deposited; later, they get attached,
grow, and actively multiply to form a colony of
cells (ALLISON and SUTHERLAND, 1987). This
mass of cells then becomes large enough to en-
trap organic and inorganic debris and other
microorganisms, leading to the formation of a
microbial biofilm. In food processing environ-
ments, these biofilms may be a few microme-
ters or several millimeters thick and contain 90-
97% water (STOODLEY et al., 2002). Biofilm de-
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velopment can occur on almost any surface in
any environment in which viable microorgan-
isms are present. Biofilm formation is a dynam-
ic process and involves a series of steps. Initial
attachment is via weak electrostatic and van der
Waals’ forces and occurs rapidly; but, within a
short time, film growth begins with physical at-
tachment of the cells to the surface by complex
polysaccharides (OLIVEIRA et al., 2010). In par-
ticular, the first step of biofilm formation is con-
ditioning of the surfaces (HOOD and ZOTTOLA,
1997). This conditioning film favors biofilm for-
mation and alters the physicochemical proper-
ties of the surface (e.g., changes in hydropho-
bicity and electrostatic charges) (DICKSON and
KOOMARAIE, 1989). The second step of biofilm
formation is the attachment of microorganisms
to the conditioned surface. During this stage,
bacteria can easily be removed. The irreversible
attachment of cells happens in the third step,
and the removal of cells requires much stronger
forces. During this period, the attached cells also
produce additional extracellular polymeric sub-
stances (EPS) that help anchor the cells to the
surface (COSTERTON et al., 1995). Multilayers of
bacterial cells entrapped within the EPS-contain-
ing matrices develop within the biofilm. Besides
EPS and microbial cells, biofilms are composed
of proteins, nucleic acids, and lipids, which pro-
vide mechanical stability, surface adhesion, and
scaffold formation for the three-dimensional ar-
chitecture that interconnects and immobilizes
biofilm cells (FLEMMING and WINGENDE, 2010).
However, diverse polymers are used by different
species or strains of the same species. The iden-
tification of these matrix components may pro-
vide clues for the identification and application
of matrix-degrading enzymes that prevent for-
mation and/or activate biofilm dispersion (KA-
RATAN and WATNICK, 2009; LANDINI, 2009). Mi-
croorganisms within the biofilm grow in the ma-
trix-enclosed microcolonies interspersed within
highly permeable water channels (COSTERTON et
al., 1994). At some point after film formation, the
attached bacteria or pieces of film are released
in order to allow the cells to survive and colonize
new niches. This release leads to contamination
of the product stream. The vegetative cells may
reattach in downstream parts of the plant and
initiate biofilm formation, completing the cycle.
When planktonic cells attach to a surface, there
may be a lag before growth commences as they
adapt to the sessile state. The cells released from
the film may behave like biofilm cells when they
reattach, showing no lag and growing more rap-
idly than primary cells (RASMUSSEN et al., 2005).
The drivers for biofilm formation are the follow-
ing: defence against harmful conditions; coloni-
zation of a favorable niche; utilization of poten-
tial benefits of the community; protection from
the bulk phase environment, where there may
be toxins, antibiotics, detergents, or sanitizers;
the possibility of organization through inter-cell
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signalling; and transfer of genetic information,
including resistance genes (JEFFERSON, 2004).

BIOFILMS IN THE FOOD ENVIRONMENT

Microbial adhesion and biofilms are of great
importance for the food industry and occur on a
variety of food contact surfaces (OLIVEIRA et al.,
2007). Biofilms continue to pose concerns to food
manufacturers as they are one of the major rea-
sons for limiting the shelf life and favoring path-
ogen contamination of food products. Moreover,
biofilms form a reservoir of contamination that
persists where manufacturing plant cleaning is
ineffective (SENCZEK et al., 2000). Depending on
the specific systems investigated and the nature
of the microorganism, biofilms can display a wide
range of phenotypes. L.m biofilms, grown un-
der static conditions, generally consist of a ho-
mogeneous layer of cells and/or microcolonies,
with biofilm cells displaying morphology similar
to that of planktonic cells. In contrast, L.m bi-
ofilms grown under continuous flow conditions
consist of spherically shaped microcolonies that
are surrounded by a network of knitted chains
composed of elongated cells (RIEU et al., 2008).

Studies have shown the capacity of L.mto per-
sist in the environment for years. Biofilms form
not only on processing environment surfaces
but also on food itself, which offers the potential
for cross-contamination and post-process con-
tamination (KUMAR and ANAND, 1998). Moreo-
ver, environmental surfaces such as floors and
walls may also be indirect sources of contamina-
tion, e.g., transference to food products by vec-
tors such as air, people, and cleaning systems
(GIBSON et al., 1999). In food systems, improp-
erly cleaned and sanitized equipment and air-
borne microbiota are usually considered impor-
tant niches of contamination (Fig. 1) (SIMOES
and VIEIRA, 2009). Other common sources in-
volved in biofilm accumulation include floors,
waste water pipes, bends in pipes, rubber seals,
conveyor belts, stainless steel surfaces, glass-
es, etc. Buna-N and Teflon seals have also been
implicated as important sites for biofilm forma-
tion (FRANK and KOFFI, 1990; RODAS-SUAREZ
et al., 2006). HERALD and ZOTTOLA (1988) ob-
served that L.m can attach to stainless steel via
produced attachment fibrils. In meat and dairy
processing industries, the presence of L.m has
been found on equipment and utensil surfaces
(LOPEZ et al., 2008).

Importantly, bacterial biofilms have been con-
sistently described as being more resistant to
biocides than planktonic cells (GILBERT et al.,
2002; SCENHIR, 2009). The reasons for this de-
crease in susceptibility or “tolerance” is a bio-
film-associated phenotype (ASHBY et al., 1994;
BROWN and GILBERT, 1993; DAS et al., 1998),
which includes decreased metabolism, quies-
cence, reduced penetration due to the extracel-

lular polymeric matrix (PAN et al., 2006), and
enzymatic biocide inactivation (SCENHIR, 2009).

In nature, biofilms may be composed of a sin-
gle species or represent a consortium of numer-
ous species. Several types of microorganisms
(spoilage or pathogenic) are capable of partici-
pating in adhesion processes and biofilm forma-
tion. Mixed species biofilm formation of several
Staphylococcus aureus strains with L.m has been
demonstrated (RIEU et al.,, 2008). In addition,
some researchers have found that L.m grows
preferably as a biofilm as part of a consortium
of bacterial species (JEONG and FRANK, 1994a-
b; KALMOKOFF et al., 2001). Other reports ex-
amining longer-term biofilm formation have no-
ticed that L.mis a poor organism for cell attach-
ment and biofilm formation, and this has led to
suggestions that L.m may use a primary coloniz-
ing bacterium of a different bacterial species to
form a biofilm consortium on a surface (MOLTZ
and MARTIN, 2005). CARPENTIER and CHASSA-
ING (2004) and TOMPKIN (2002) showed that the
“house flora” of food processing premises has a
strong effect on the likelihood of finding L.m on
inert surfaces. A study on mixed biofilm forma-
tion of L.min combination with various second-
ary species showed that mixed species biofilms
were established, and depending on the specific
combination, they showed increased, reduced,
or no effect on the number of L.m cells in the bi-
ofilm (CARPENTIER and CHASSAING, 2004). Fur-
thermore, an elaborate study on the formation of
mixed species biofilms of L.m and Lactobacillus
plantarum showed that mixed species biofilms
have the capacity to be more resistant against
disinfectant treatments than a single species
biofilm or planktonic cells (VAN DER VEEN and
ABEE, 2010). Another interesting study on the
adherence of L.m to preformed Lactococcus lac-
tis biofilms with different architectures, matri-
ces, and cell surface properties showed that L.m
biofilm formation can be influenced by resident
biofilms (HABIMANA et al., 2009). The impact of
secondary species on L.m settlement, biofilm for-
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Fig. 1 - Example of possible niches of L. monocytogenes in a
battering and breading machine.
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mation, and persistence in food processing envi-
ronments remains to be characterized.

Bacterial attachment to surfaces is influenced
by the physicochemical properties of both the sur-
face and microorganism, such as temperature and
hydrophobicity (GORSKY et al., 2003; HOOD and
ZOTTOLA, 1997). It has been suggested that flag-
ellation and motility play a role at the cell level in
several stages of biofilm formation (MOENS and
VANDERLEYDEN, 1996). Motility has been shown
to facilitate attachment to both biotic and abiot-
ic surfaces (BUTLER et al., 1979), since flagella,
in addition to being the locomotive organelles of
bacterial motility, have also been reported to serve
as adhesive structures (MOENS and VANDERLEY-
DEN, 1996). With regard to food surfaces, many
studies have shown the attachment of L.m to
meat and poultry surfaces (CHUNG et al., 1989;
DICKSON and KOOHMARAIE, 1989; THENEVOT et
al., 2006). However, these studies did not clear-
ly reflect the formation of biofilms with regard
to these surfaces.

LISTERIA MONOCYTOGENES AND BIOFILM

L.m can adhere rapidly and firmly to inert
surfaces commonly found in the food process-
ing industry. This bacterium has been found to
form biofilms on surfaces such as plastic, poly-
propylene, rubber, stainless steel, and glass
and on the interface between two different ma-
terials (e.g., plastic and stainless steel) (CHAE
et al., 2006; HOOD and ZOTTOLA, 1997; MOLTZ
and MARTIN, 2005; SIMOES et al., 2010). Liste-
ria sources in processing plants include convey-
or belts, cutters, slicers, bringing and packaging
machines, coolers, freezers, floors, and drains
(D’ORIO et al., 2007; EKLUND et al., 1995; MIET-
TINEN et al., 2001).

The mechanisms by which L.msurvives under
harsh physical and chemical stress conditions
are, at least in part, due to its ability to form bi-
ofilms on surfaces within the food processing
environment (CHAE et al., 2006; HOLAH et al.,
2004). Several researchers have reported that
L.mis not capable of forming thick biofilms made
up of several layers (9 to 12 Log CFU/cm?), but
rather it adheres to surfaces at levels ranging
from 4 to 6 Log CFU/cm? (GRAM et al., 2007).

The ability of L.m to produce biofilm signifi-
cantly differs according to the growth tempera-
ture and growth surface. For example, L.m has
the capacity to adhere rapidly to stainless steel
surfaces, and this risk is aggravated consider-
ing that this bacterium is able to reach an irre-
versible stage in a few hours (OH and MARSHALL,
1996). The ability to form biofilms at 4°, 12° and
22°C is significantly more pronounced on glass
than on polystyrene and stainless steel. Further-
more, at 37°C, both stainless steel and glass al-
low comparable amounts of biofilm formation,
significantly higher than on polystyrene (Figs. 2
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and 3) (DI BONAVENTURA et al., 2008). The abil-
ity of L.m to colonize a surface at low tempera-
tures, used in the food industry to process and
store a significant amount of foodstuffs, added
to the recent finding that L.m cells in biofilms
can survive storage at 4° or 10°C for at least 5
days (SMITH et al., 2004), increases the propen-
sity for cross-contamination to foodstuffs.

Recent studies have shown significant differ-
ences in biofilm formation on polyvinyl chloride
(PVC) (BORUCKY etal., 2003; DJORDJEVIC et al.,
2002) or stainless steel (FOLSOM and FRANK,
2006) between different lineages, although the
findings were contradictory (CHAE et al., 2006;
DJORDJEVIC et al., 2002). DI BONAVENTURA et
al. (2008) did not find any relationship between
phylogeny and the ability to form a biofilm on
different surfaces at different temperatures. Fur-
thermore, no differences among environmen-
tal and food strains were observed in the exper-
iment. At the same time, differences in biofilm
production have been shown (KALMOKOFF et al.,
2001; PALMER et al., 2007): serotype 1/2c forms
a higher average amount of biofilm than sero-
type 1/2a on stainless steel and serotypes 1/2a
and 4b on glass, at 37°C.

Food contact surfaces have different physi-
cochemical characteristics: hydrophilic (glass,
stainless steel) and hydrophobic (polystyrene).
Some studies have failed to find a correlation be-
tween hydrophobicity and surface attachment.
Particularly, CHAE et al. (2006) recently found
that attachment on glass is independent of hy-
drophobicity level. Other authors (DI BONAVEN-
TURA et al., 2008) suggested that the hydropho-
bicity level is correlated with biofilm formation
on glass. These conflicting results are probably
due to the fact that hydrophobicity can differ be-
tween serotypes or strains, and it can change
with variation in growth conditions (GIOVANN-
ACCI et al., 2000).

The cell surface is generally considered a sig-
nificant factor in bacterial attachment to surfac-
es. Many studies suggest that microbial cell sur-
face charge and hydrophobicity play an impor-
tant role in the initial steps of microbial adhe-
sion. CHAE et al. (2006) demonstrated that high
levels of extracellular carbohydrates produced
by L.m increase their ability to form biofilms,
indicating the importance of this characteristic
for the biofilm forming ability of a given strain.

Bacterial attachment to surfaces is influenced
not only by cell surface and hydrophobicity but
also by the presence of particular surface ap-
pendages such as flagella and fimbriae. Very
little is known about the relationship between
motility and biofilm formation and, in any case,
only swimming motility has been considered.
Recent findings suggest that Gram-positive or-
ganisms, including L.m, have evolved multiple
molecular strategies for the formation of pili on
microbial surfaces (HUNG and SCHNEEWIND,
2004). Furthermore, DONS et al. (2004) showed
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Fig. 2 - Biofilm formation by L. monocytogenes on stainless steel at different temperatures.

that motility by swarming is critical in host-cell
invasion and virulence of L.m. In an attempt to
individuate a relationship between L.m flagel-
lum-mediated motility (swimming) and biofilm
formation, it has been shown that temperature
strongly influences flagellum production in Lis-
teria spp. (DJORDJEVIC et al., 2002). On the con-
trary, motility did not show a positive correla-
tion with biofilm-forming ability, regardless of

the substratum (DJORDJEVIC et al., 2002). On
the whole, functionally active flagella (motility)
are probably not required for biofilm formation
in L.m, and changes in surface structures oth-
er than flagella contribute to bacterial attach-
ment to a solid surface.

At both 4° and 12°C, L.m produces a rudi-
mentary biofilm consisting only of sparse clus-
ters of cells and minimal amounts of EPS, re-

Fig. 3 - Biofilm formation by L. monocytogenes on polystyrene at different temperatures.
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gardless of the substratum. On the contrary, at
22° and 37°C, the biofilm formed is more com-
plex in terms of cell number and EPS produced.
Although only on glass it appeared as a com-
plex three-dimensional architecture, consisting
of dense cell aggregates held together by extra-
cellular matrix and surrounded by void areas,
probably representing water channels for nutri-
ent circulation and facilitation of waste remov-
al in the biofilm (COSTERTON et al., 1995). The
relevant amount of EPS that can be observed in
biofilms formed on glass raises a relevant hygi-
enic/sanitary issue, since the chlorine resist-
ance of L.m strains may be closely associated
with the amount of EPS produced by the bio-
film cells (FOLSOM et al., 20006).

The time available for biofilm formation de-
pends on the frequency of cleaning regimes.
Product contact surfaces are typically cleaned
several times per day, while environmental sur-
faces such as walls are cleaned once per week.
Therefore, there is more time for biofilm forma-
tion on environmental surfaces. GIBSON et al.
(1999) found that although attachment to a va-
riety of surfaces in the food processing environ-
ment readily occurred, extensive surface colo-
nization and biofilm formation only occurred on
environmental surfaces. Finally, routine clean-
ing in place (CIP) cycles in food plants may not
remove all cells, and the remaining biofilm cells
may allow more rapid plant recolonization by
a seeding process or by providing a surface to
which new cells may readily adhere (MASHALL,
1994). The situation is exacerbated if fouling has
occurred, and it is not removed during CIP (HIN-
TON et al., 2002).

BIOFILM AND SANITIZING AGENTS

The elimination of biofilms is a very difficult
task because many factors affect detachment.
Sanitation, i.e., cleaning and disinfection, is car-
ried out in food processing plants in order to pro-
duce safe products with an acceptable shelf life
and quality. An effective sanitation program is
the major method to control surface contamina-
tion. When L.m s in the biofilm state, it exhibits
an increased tolerance to disinfectants than their
free living counterparts; and thick complex bio-
films are more difficult to remove than adhered
single bacterial cells (KLAEBOE et al., 2006). The
recalcitrance of biofilms towards biocide treat-
ment is not in dispute, and the existence of re-
sistance phenotypes induced by various nutri-
ent limitations has been postulated to explain
this observation (BROWN and GILBERT, 1993).

SINDE and CERBALLO (2000) found that san-
itizers alter the surface properties of materials,
and this alteration is directly related to the de-
gree of attachment. Thus, sanitizers have dif-
ferent effects on bacterial adhesion depending
on food contact materials. In particular, qua-

6 Ital. J. Food Sci., vol. 24 - 2012

ternary ammonium compounds were more ef-
fective against L.m attachment on stainless
steel and rubber than on polytetrafluorethyl-
ene (PTFE), for which the effect was very simi-
lar. In some studies, it has been reported that
L.m attached to food contact surfaces exhibit-
ed a reduced susceptibility to conventional san-
itizers like acid anionic sanitizers and quarter-
nary ammonium compounds (FRANK and KOF-
FI, 1990). A reasonable explanation for the re-
duced efficacy of such agents against biofilms
is incomplete biofilm penetration by such reac-
tive biocides (HUANG et al., 1995) and the wide
variation of environmental conditions that exist
on food contact surfaces.

Antimicrobial agents are far more effective
against actively growing cells, i.e., the best dis-
infectants for planktonic cells are not necessarily
the most suitable ones for biofilm cells (HOLAH et
al., 1990). Caustic chlorine washes can be very
effective in removing well-established biofilms by
breaking down the polysaccharide matrix, rath-
er than inactivating the microorganisms, prob-
ably because high pH favors ion-promoted de-
tachment (COSTERTON et al., 1995). PAN et al.
(2010) demonstrated that biofilm cells show a
reduced susceptibility to a sanitizer. This resist-
ance to a sanitizer was greater on a Teflon sub-
strate than on a stainless steel substrate. Similar
results were observed by KRYSINSKI et al. (1992),
who found that the resistance of L.m biofilms on
stainless steel was lower than that on polyester
or polyester/polyurethane. In addition, BREM-
ER et al. (2002) reported that there was a signif-
icant differencein the effectiveness of sanitizers
against cells attached to stainless steel surfaces
than to conveyer belt surfaces (PVC/polyester).

The hydrodynamic conditions under which
biofilms grow also have a significant effect on
structure (STEWARD and COSTERTON, 2001).
Thus, LIU and TAY (2001) found that at relative-
ly high shear stress, as might be found in a food
production plant, the biofilm was denser than
at lower shear. Therefore, shear stress during
biofilm development may profoundly affect the
results of disinfection trials and the success of
cleaning procedures.

Physical surface phenomena such as in-
creased nutrient concentration at the surface are
also often quoted as improving the tolerance to
antimicrobial stress of biofilm bacteria. A recent
work showed that micro- and nano-emulsions
may be effective anti-biofilm agents, although
L.m films appeared to be resistant (TAKEUCHI
et al., 2000). The widespread use of antimicro-
bial agents such as sanitizers or disinfectants
in food processing or equipment cleaning and
their effect on antimicrobial resistance is being
investigated (CONTER et al., 2009b; SPLENDIANI
et al., 20006).

Genetic factors such as the mobility of anti-
biotic resistance genes found on plasmids and
transposons can increase the transfer of anti-
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biotic resistance between bacteria (SOMERS and
WONG, 2004). The ability of bacteria to adapt to
adverse environmental conditions is an impor-
tant factor in the development of resistance. This
is because exposure of the organism to a sub-
lethal level of an antimicrobial agent can lead
to adaptation and development of resistance to
higher levels of the antimicrobial agent or even
cross-resistance to other agents. Although sever-
al authors report interactions between the bac-
terial biofilm physiological state and resistance
to antibiotics or biocides, very little informa-
tion is available on the cross resistance of ses-
sile bacteria to antibiotics and biocides (SCEN-
HIR, 2009). The emergence of resistant bacte-
ria to conventional antimicrobial agents clear-
ly shows that new biofilm control strategies are
required (SIMOES and VIEIRA, 2009).

SOLUTIONS: CONTROL
AND REMOVAL OF BIOFILMS

The evaluation of biofilm sanitation proce-
dures should be part of the Hazard Analysis
and Critical Control Points (HACCP) develop-
ment plan in order to control those biofilms
prevalent in processing areas (SENCZECK et al.,
2000). There are several steps in normal clean-
ing/sanitation procedures, including cleaning,
rinsing, and sanitizing, in that order (GIBSON et
al., 1999). The purpose of cleaning is to remove
residual materials that may interfere with the
sanitation procedure, because the presence of
organic material on the biofilms significantly re-
duces the log kill. This reinforces the importance
of adequate cleaning before the use of sanitizers
(KRYSINSKY et al., 1992).

Biofilms in the food industry can be eliminated
by adopting different strategies such as physical,
chemical, and biological methods. The use of en-
zyme-based detergents as bio-cleaners can serve
as a viable option to overcome biofilm problems
in the food industry. Due to EPS heterogeneity,
a mixture of enzymes may be necessary for suf-
ficient biofilm degradation. However, the use of
enzymes in biofilm control is still limited due to
the low prices of chemicals used today compared
to the costs of enzymes. As a matter of fact, the
technology and production of these enzymes and
enzyme-based detergents are mostly patent-pro-
tected. Moreover, the low commercial accessibil-
ity of different enzyme activities limits their cur-
rent usage. Enzymes and detergents have also
been used as synergists to improve disinfectant
efficacy (JOHANSEN et al., 1997).

An interesting study on the control of L.min a
biofilm by competitive exclusive microorganisms
indicated that L.m in biofilms can be strongly
inhibited (> 5 Log CFU of L.m/cm? by metabo-
lites of Enterococcus durans and Lactococcus lac-
tis subsp. lactis. These two strains were isolat-
ed and screened from biofilms obtained from the

floor drains of food processing plants that were
free of L.m according to records. Enterococcus
durans and Lactococcus lactis, subsp. lactis are
beneficial organisms and can be used as start-
er cultures for food fermentation, and they have
great potential for controlling L.m biofilms in food
processing environments (ZHANG et al., 2007).

Studies have shown that some detergents are
bactericidal, and some disinfectants may even
depolymerize EPS, thus enabling biofilm detach-
ment from surfaces, e.g., oxidants such as chlo-
rine and hydrogen peroxide (JUVEN and PIERSON,
1996). Monolaurin (glycerol monolaurate) was
also found to be lethal to L.m at low concentra-
tions. In addition, a synergistic interaction be-
tween monolaurin and organic acids like ace-
tic acid also caused a pronounced inhibition of
L.m (NIKOLAEV and PLAKUNOV, 2007). More re-
cently, several authors (GUERRIERI et al., 2009;
SORUM and L'ABEE-LUND, 2002) demonstrated
that bacteriocin producers showed the best an-
tilisterial potential.

Microbial molecules, commonly used as bio-
preservatives, such as nisin, lauricidin, reuter-
in, and pediocin, have been well documented for
their biofilm control potential against microor-
ganisms commonly found in dairy processing
facilities, including L.m (MAHDAVI et al., 2007;
ZHANG et al., 2007). Bacteriocin application has
also been tested on food packaging materials
for the biocontrol of L.m on meats (MING et al.,
1997). The antagonistic effect was made more
effective by decreasing the pH due to lactic acid
production in the Lb. plantarum biofilm; the out-
come was confirmed by the considerable activi-
ty in the Lb. plantarum biofilm and suspension.
Comparing the antilisterial activity of lactic acid
bacteria (LAB) biofilms against both plankton-
ic and adherent cells, the L.m adherent cells
showed a higher resistance. This finding can be
explained by the greater resistances that micro-
organisms display to exogenous agents in bio-
films (SAFDAR and ARMSTRONG, 2003).

The use of bacteriophages to control biofilms
may provide a natural, highly specific, nontox-
ic, and feasible approach for controlling sever-
al microorganisms involved in biofilm formation
(KUDVA et al., 1999). A bacteriophage (L.m phage
ATCC 23074-B1) was used successfully in L.m
biofilm inactivation (HIBMA et al., 1997). LU and
COLLINS (2007) engineered a bacteriophage to
express a biofilm-degrading enzyme. This en-
zymatic phage had the ability to attack bacte-
rial cells in the biofilm and the biofilm matrix,
substantially reducing the biofilm cell counts
(more than 99.9% removal). The technology for
this process has not yet been successfully de-
veloped, and relatively little information is avail-
able regarding the action of bacteriophages on
biofilms (STOODLEY et al., 2002).

More recently, the use of chlorine dioxide (CD)
as a decontamination agent has demonstrated
its high effectiveness against a wide variety of
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microorganisms. It is a strong oxidizing agent
with several advantages, such as the formation
of low toxic disinfection by-products, effective-
ness at low concentrations, low reaction time,
ease of generation, and effectiveness over a broad
range of pH values (CHANG et al., 2000). The effi-
cacy of CD gas to disinfect biofilms has not been
studied in detail. A recent study demonstrated
that low levels of gaseous CD (0.3 mg/L) and
aqueous CD (7 mg/L) have equivalent inactiva-
tion of L.m cells in a biofilm matrix compared to
conventional sodium hypochlorite treatment (50
mg/L). Additional research is needed to estab-
lish the CD levels and treatment times required
for complete inactivation of biofilm cells. The
potential use of CD to inactivate biofilms from
food processing equipment surfaces should be
further explored.

The discovery that many bacteria use quo-
rum sensing to form biofilms makes it an at-
tractive target for their control (POYART-SALM-
ERON et al., 1990). It is conceivable that quo-
rum sensing inhibition may represent a natu-
ral, widespread, antimicrobial strategy with sig-
nificant impact on biofilm formation. A good un-
derstanding of the cell-cell signaling phenomena
of bacteria such as L.m can be used to control
the biofilm formation process by the identifica-
tion of products that can act as quorum sensing
antagonists (SHARMA and ANAND, 2002; SINDE
and CERBALLO, 2000). This property can lead
to the development of new and efficient natural
products for biofilm control.

The literature demonstrates that there is no
unique strategy with absolute biofilm control
efficiency. Nevertheless, the importance of ad-
equate cleaning and disinfection procedures,
in order to avoid L.m becoming established in
processing environments and thus posing a
product contamination threat, is widely accept-
ed. Furthermore, continuous environmental
monitoring schemes for L.m are of major impor-
tance to identify potential contamination sources
and as an early warning system for food business
operators, especially in food processing plants
with low L.m prevalence in their food products.

CONCLUSIONS AND FUTURE DIRECTIONS

Pathogenic microorganisms in biofilms are the
major source of food contaminations and clinical
infections. Preferably, preventing biofilm forma-
tion would be a more logical option than treating
it. Nutrient and water limitation, equipment de-
sign, and temperature control are important in
biofilm control. In addition, the choice of materi-
al herein is crucial in terms of biofilm formation.
The hygienic properties of the material can be
altered by specific modifications to render it in-
trinsically antibacterial and/or less susceptible
to attachment (VAN HOUDT and MICHIELS, 2010).
The deposition of antifouling layers on stainless
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steel can influence their hygienic status, as dem-
onstrated by the 81-96% decrease in L.m attach-
ment and biofilm formation on polyethylene gly-
col-modified stainless steel. The modified surface
properties were obtained by plasma-enhanced
cross-linking of polyethylene glycol on stainless
steel (DONG and ZHANG, 2005).

Biofilm detectors have been developed to mon-
itor surface colonization by bacteria and allow
the control of biofilms in the early stages of de-
velopment (PEREIRA et al., 2008). Many authors
have suggested that L.m may be inhibited by
some bacteriocin-producing LAB (SABIA et al.,
2002; TYOPPONEN et al., 2003). Newer strategies
devised for the bio-control of Listeria in plank-
tonic form or in biofilms could include the ad-
sorption of bioactive compounds, such as bac-
teriocins, onto food-contact surfaces (GUERRIERI
et al., 2009). Several attempts have been made
to avoid biofilm formation by incorporating anti-
microbial products into surface materials, coat-
ing surfaces with antimicrobials (GOTTENBOS et
al., 2001), and/or modifying the surface physic-
ochemical properties (RODRIGUEZ et al., 2007).

Biosurfactants are compounds with surface-
active properties, which are produced by mi-
croorganisms. Their use has been suggested as
an alternative to synthetic products. Their ma-
jor advantages over synthetic detergents are
their low toxicity and highly biodegradable na-
ture. Biosurfactants may also show antimicro-
bial and anti-adhesive activities. Biosurfactants
have been mentioned as promising multipur-
pose ingredients, which simultaneously exhibit
emulsifier, anti-adhesive, and antimicrobial ac-
tivities, and they are consequently suitable for
many food applications (NITSCHKE and PASTORE
etal., 2002; NITSCHKE and COSTA, 2007). There-
fore, these compounds of microbial origin could
be used as detergent formulations to clean sur-
faces that come in contact with food and prevent
food contamination (FREIRE et al., 2009). Thus,
biosurfactants could be utilized in the develop-
ment of new strategies to retard L.m surface col-
onization and biofilm formation (NITSCHKE et al.,
2009; ARAUJO et al., 2011).

Plant-derived compounds have gained wide-
spread interest in the search to identify alterna-
tives for microbial control (ESSAWI and SROUR,
2000). It has been postulated that surface pre-
treatment with plant extracts produces an un-
favorable film that promotes microorganism de-
tachment (SANDASI et al., 2010).

To date, rational equipment design that mini-
mizes laminar product flow, reduces static prod-
uct, and facilitates cleaning and CIP process-
es can result in reduced bacterial attachment
to processing equipment. The next step is the
choice of materials modified by a set of coat-
ings and surface modifications in order to re-
duce surface adhesion and biofilm formation
(SZE, 1981; MANDRACCI and RICCIARDI, 2007).
The increased biofilm resistance to convention-
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al treatments enhances the need to develop new
control strategies (SHARMA and ANAND, 2002).
Research on microbial biofilms is proceeding on
many fronts, with particular emphasis on eluci-
dation of the genes specifically expressed by bi-
ofilm-associated organisms, evaluation of vari-
ous control strategies (including medical devic-
es treated with antimicrobial agents and anti-
microbial locks) for either preventing or reme-
diating biofilm colonization of medical devices,
and development of new methods for assessing
the efficacy of these treatments.

The majority of bacteria are able to form bio-
films displaying a large diversity in architecture,
phenotypes, and matrix components. Novel in-
sights include factors contributing to phenotypic
heterogeneity within biofilms, such as the iden-
tification and characterization of a range of ma-
trix building blocks. To date, the prevention and
control of L.mbiofilms in food processing environ-
ments should be based on integrated efforts. The
food industry should develop cleaning plans and
disinfection programs and monitor their efficacy.
In addition, the process equipment should be de-
signed with high standards of hygiene in mind.
Finally, a better understanding of how L.m at-
taches, grows, and detaches is urgently needed,
and much effort should be invested in research
on novel biofilm prevention and control strategies.
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