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pour l’Alimentation Collective, Maisons-Alfort, France

Received 27 November 2001/Accepted 30 May 2002

The quantity of microorganisms that may be transferred to a food that comes into contact with a contam-
inated surface depends on the density of microorganisms on the surface and on the attachment strengths of the
microorganisms on the materials. We made repeated contacts between pieces of meat and various surfaces
(stainless steel and conveyor belt materials [polyvinyl chloride and polyurethane]), which were conditioned
with meat exudate and then were contaminated with Listeria monocytogenes, Staphylococcus sciuri, Pseudomonas
putida, or Comamonas sp. Attachment strengths were assessed by the slopes of the two-phase curves obtained
by plotting the logarithm of the number of microorganisms transferred against the order number of the
contact. These curves were also used to estimate the microbial population on the surface by using the equation
of A. Veulemans, E. Jacqmain, and D. Jacqmain (Rev. Ferment. Ind. Aliment. 25:58-65, 1970). The biofilms
were characterized according to their physicochemical surface properties and structures. Their exopolysac-
charide-producing capacities were assessed from biofilms grown on polystyrene. The L. monocytogenes biofilms
attached more strongly to polymers than did the other strains, and attachment strength proved to be weaker
on stainless steel than on the two polymers. However, in most cases, it was the population of the biofilms that
had the strongest influence on the total number of CFU detached. Although attachment strengths were weaker
on stainless steel, this material, carrying a smaller population of bacteria, had a weaker contaminating
capacity. In most cases the equation of Veulemans et al. revealed more bacteria than did swabbing the biofilms,
and it provided a better assessment of the contaminating potential of the polymeric materials studied here.

When bacteria attach to surfaces and colonize them, their
phenotypes change. They show, for instance, a decreased sus-
ceptibility to disinfectant (41, 42) and an increased exopolysac-
charide production (46), and the community they form is called
a biofilm. Biofilms are an integral part of our environment. In
some cases they can be used in bioreactors to process waste; in
other cases they cause malfunctions of one kind or another.
The formation of biofilms creates major problems in such
activities as water distribution (biofilms form in the distribu-
tion networks) (2, 10), health care (11, 13), and the food
industry (7, 8, 14). A study by Haeghebaert et al. (24) has
suggested that 40.5% of all food-borne infection outbreaks
registered in France in 1996 were linked to contamination by
equipment, highlighting the hazard that biofilms represent. In
this study we examined biofilms liable to cause problems in the
meat industry. Many studies have shown that when animals are
slaughtered, microbial flora remains on the surface of the car-
casses (5, 21), and despite the decontamination processes car-
ried out (scorching the skin or using hot water, organic acid, or
phosphate solutions), part of the microflora survives (3, 52).
This resident flora comes into contact with the surfaces of
equipment in the cutting halls (4, 22, 37). It can detach from
the carcass and then contaminate sound products placed on
the equipment. Conveyor belts are among the surfaces which,
coming into contact with food, can remain heavily contami-
nated even after hygiene operations (4, 27, 31, 36). In this

study, therefore, we set out to discover how much conveyor
belts contribute to contaminating the food that comes into
contact with them.

The quantity of microorganisms transferred from an inert
surface to a food likely depends on the properties of the bio-
film: the surface density of the microbial population, the struc-
ture of the biofilm, its capacity to produce exopolysaccharides,
and the attachment strength of the microbial cells, which is
probably linked to the previous properties. Here we have at-
tempted to estimate these magnitudes. It is known that the
conventional methods for counting microorganisms on sur-
faces, such as swabbing, do not give a good assessment of the
microbial population’s surface density (35, 39). Therefore, like
Richard and Piton (39), we used the principle of the method
proposed by Veulemans et al. (50) who assessed microbial
populations on hands. Veulemans et al. (50) took successive
prints from the same area of a hand by using adhesive tape and
then made prints from the adhesive tape on agar. From the
slopes of the straight lines plotting the logarithm of the number
of CFU detached by each print against the order number of the
print (first, second, and third, etc.) we can calculate the num-
ber of microorganisms on the skin. We also used the slopes of
the straight lines so obtained to characterize the microorgan-
isms’ strength of attachment to the surfaces, as suggested by
Eginton et al. (17, 18), who applied biofilms directly to agar.
The steeper the slope, the weaker the microorganisms’ attach-
ment strength. The attachment strengths (which reflect the
strength of the cells’ attachment both to the inert substrate and
to each other) were also assessed by comparing the population
detached by swabbing with the figure obtained by the equation
of Veulemans et al. (50). Lastly, given the role played in the
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attachment process by the physicochemical properties of the
surfaces involved (6), we examined those of both biofilms and
beef, to see whether there might be a link between these and
the attachment of the biofilm microbial cells to the meat.

In this study, as well as conveyor belt materials (polyvinyl
chloride [PVC] and polyurethane [PU]), we used stainless steel
as a reference material because, in view of its high degree of
disinfectibility and resistance to wear, chemical shock, and heat
shock (27), stainless steel is widely recognized as an excellent
material for the food industry. Before the materials were in-
oculated, they were conditioned with meat exudate so as to
create conditions more like the actual conditions on open
surfaces in the meat industry. As well as Listeria monocyto-
genes, we used bacterial genera such as Staphylococcus that are
part of the microflora most commonly found in the meat in-
dustry (33) and a strain isolated in a food factory that was
supposed to be a Comamonas testosteroni strain, a reclassifica-
tion of Pseudomonas acidovorans (47). The food-borne patho-
gen L. monocytogenes was chosen because it may cause severe
diseases with high mortality rates (20 to 30%) (40) and may
have the ability to establish itself durably in food industry
premises in spite of hygienic operations (9, 23, 28, 34, 48).

(This work forms part of G. Midelet’s Ph.D. thesis research
at the University of Bourgogne, Dijon, France.)

MATERIALS AND METHODS

Bacterial strains and culture conditions. One of the strains, referred to as
CCL 24 (a small gram-negative, oxidase-positive, catalase-positive rod), was
difficult to identify: the closest taxon to it, according to the APILAB Plus v.3.3.3
database (bio Mérieux, Marcy l’Etoile, France), was C. testosteroni. Since the
percent identification was only 34.7, we decided to name this strain Comamonas
sp.

L. monocytogenes A, also referred to as CCL 128, and Comamonas sp. CCL 24
were isolated from a dairy environment, and Staphylococcus sciuri CCL 101 was
isolated from the floor of the premises of a catering operation. Pseudomonas
putida CCL 140 was kindly provided by M. W. Griffiths, University of Guelph,
Guelph, Canada.

Cultures were maintained for no more than 1 month on tryptone soy agar
(TSA) slopes (Difco, Le Pont de Claix, France) at 3°C. Slopes were inoculated
from long-term cold storage.

Test surfaces. Three materials were used (15 by 30 mm): slides of stainless
steel (2 RB finish, AISI 304 British steel; Inox Industrie, Aulnay-sous-Bois,
France), PVC (NONEX 2 M 1320; Ammeraal, Seclin, France), and PU (RO-
PANYL 2 M 1795; Ammeraal).

The slides were washed as described in an earlier report (29). The stainless
steel was autoclaved, and the PU and PVC were sterilized by immersion in 300
ml of a 0.2% (vol/vol) peracetic acid solution (OXYGAL NEP; Penngar, Vaas,
France) for 5 min at room temperature. The slides were rinsed in 300 ml of
sterilized ultrapure water and dried in a laminar airflow hood.

Meat exudate. Exudate from beef was obtained by thawing a frozen shoulder
of beef. Ten kilograms of meat was cut into 5- by 5-cm pieces and placed in two
stainless steel containers. The meat was then covered with aluminum foil,
weighed down with six stainless steel plates of 1.4 kg each, and frozen at �20°C.
It took 48 h at 10°C to thaw the meat, which produced 800 ml of exudate.
Fourteen-milliliter portions of the exudate were kept at �20°C and used within
the following 4 months. After the tubes were thawed and the meat exudate was
centrifuged (40,000 � g, 15 min), the supernatant was filtered through a 0.22-
�m-pore-size Stericup filter with a 1-�m-pore-size prefilter (Millipore, Saint
Quentin en Yvelines, France).

The composition of the meat exudate was 0.5% nonprotein nitrogen, 10%
protein, 0.2% lipid, 0.1% carbohydrate, 1.2% ashes, and 88% water. The analysis
was performed by The Institut Scientifique d’Hygiène Alimentaire, Longjumeau,
France, by using classical methods. Protein and nonprotein nitrogen were ana-
lyzed with the Kjedahl method, and lipid was analyzed with the ethero chloridric
acid method. Ashes were weighed after incineration at 550°C. Carbohydrate
content was calculated by the difference between the dry weight and the sum of
the protein, lipid, and ash contents.

Biofilm development. Refrigerated cultures were transferred to TSA slopes
and incubated for 24 h at 25°C for S. sciuri and Comamonas sp., 30°C for P.
putida, and 37°C for L. monocytogenes. Bacteria were washed twice by centrifu-
gation (2,800 � g, 10 min) in 9 ml of physiological saline.

The concentrations of the suspensions were adjusted to 5 � 107 CFU ml�1

(optical density at 600 nm [OD600] � 0.15 in 1.5-cm-diameter tubes). Slides
(stainless steel, PVC, or PU) were stuck in the bottoms of 50-cm-diameter petri
dishes with double-sided adhesive tape (Tesa; Foto Film, Thiais, France). To
prevent any dehydration of the biofilm during incubation, each 50-cm-diameter
petri dish was then placed in a 120-cm-diameter petri dish containing 25 ml of
water. Seven milliliters of meat exudate was deposited onto the slides, which
were placed in a humidity cabinet (LHL 212 ME, Espec; Bioblock, Illkirch,
France) at 25°C and 95% relative humidity (RH). The meat exudate was then
eliminated, and 7 ml of the bacterial suspension was deposited onto the slides,
which were kept at 25°C and 95% RH for 3 h to allow adhesion. The nonad-
hering bacteria were removed by pouring on 25 ml of peptone solution (pancre-
atic peptone) (1 g of Bacto peptone/liter; Difco) before incubation at 25°C for
20 h. Again, planktonic bacteria were removed by pouring on 50 ml of sterilized
ultrapure water prior to contact angle measurements or 25 ml of peptone solu-
tion prior to the other determinations.

Swabbing and bacterial counts. A dry swab was wiped over the biofilm once,
then submerged in an Eppendorf tube containing 1 ml of sterilized peptone
solution, then wiped a second time, broken, and placed in the Eppendorf tube.
CFU were counted with a Spiral plater (Spiral System DS; Interscience, Saint
Nom La Bretèche, France) on appropriate dilutions of the bacterial suspension.
Counts were performed on TSA, which was then incubated at the optimum
temperature for bacterial growth.

Contact angle measurements. The contact angles (�) were determined at room
temperature by the sessile drop method with a goniometer (Krüss, Palaiseau,
France), two polar liquids (water and formamide) (Sigma, Saint Quentin Fal-
lanier, France), and one nonpolar liquid (di-iodomethane) (Sigma). Drops of 5
to 10 �l were deposited with a syringe. Contact angles were measured on
opposite sides of each drop. Contact angles were measured on the biofilm, meat,
cleaned materials, materials conditioned with meat exudate, and materials con-
ditioned and rinsed, i.e., treated exactly as for biofilm development but with no
bacterial cells. Around 40 measurements were taken for each liquid and each
material or biofilm. We did not present here the calculations of free surface
energy based on the contact angle values since these calculations are controver-
sial (49).

Biofilm development in microtiter plates prior to exopolysaccharide quanti-
fication by enzyme-linked lectinsorbent assay (ELLA). In 8 wells of a sterile
96-well microtiter plate (Luxlon; CML, Angers, France), we placed 100-�l vol-
umes of meat exudate. The wells in the microtiter plate were incubated station-
ary at 25°C and 95% RH for 1 h and 15 min. The meat exudate was eliminated,
and 100-�l volumes of bacterial suspension were deposited in the wells and then
incubated at 25°C and 95% RH for 3 h to allow adhesion. The nonadhering
bacteria were then removed by washing each well with 200 �l of peptone solution
before further incubating the plate at 25°C and 95% RH for 20 h. The nonbiofilm
bacteria were again removed by washing with 300 �l of sterilized ultrapure water.
The remaining bacteria constituted the 1-day biofilm on which exopolysaccharide
production was quantified.

Quantification by ELLA of exopolysaccharides produced by the biofilms. The
quantity of exopolysaccharides produced by the 1-day biofilms on polystyrene
was assessed by using an ELLA method (30).

Two types of lectins were used: concanavalin A (ConA), which binds to
D-glucose and D-mannose residues, and wheat germ agglutinin (WGA), which
detects residues of N-acetyl-D-glucosamine and N-acetyl neuraminic acid (or
sialic acid).

In short, peroxidase-labeled lectin solution was added to the wells colonized by
the biofilm at various increasing concentrations. The microtiter plates were
placed at room temperature for 1 h to allow the lectin to bind to the saccharide
motifs of the biofilm exopolysaccharides. The peroxidase-labeled lectin solutions
were removed. After three successive washes to eliminate unbound enzyme con-
jugate, the linked peroxidase conjugate was visualized after adding 2,2�-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) substrate solution (KPL,
Gaithersburg, Md.). The reaction mixture was allowed to develop for 15 min in
darkness, and absorbance was measured at 405 nm with a microplate reader
(Fluostar; BMG LabTechnologies, Champigny sur Marne, France).

As with enzyme-linked immunosorbent assay techniques, the quantity of poly-
saccharide adsorbed to the well surfaces was estimated by plotting the OD405

against the logarithm of the concentration of the added peroxidase-labeled
lectin: the more polysaccharide present, the less peroxidase-labeled lectin was
needed to reach the plateau of the sigmoidal curve. A cutoff value of 0.8 was
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chosen to estimate the amount of exopolysaccharide produced by the 1-day
biofilms.

Microscopic observations. (i) Biofilm structure. Bacterial biofilms were
stained by depositing a 5-�g/ml 4�,6�-diamidino-2-phenylindole (DAPI) (Sigma)
solution on the biofilms and leaving them in darkness for 15 min. The biofilms
were then rinsed with 25 ml of peptone solution and then immediately examined
in a wet state under an epifluorescence microscope (magnification, �40) (Ax-
ioskop; Zeiss, Le Pecq, France) connected to a charge-coupled device camera
(Jaim 50; Adersa, Palaiseau, France) and a digital image acquisition system. With
the image analysis software employed (Inducompts; Adersa), we were able to
determine the number of objects (ranging from single cells to clusters). We
divided the objects into five classes (surface areas of �44 �m2, 45 to 89 �m2, 90
to 134 �m2, 135 to 179 �m2, and �180 �m2) according to their surface areas.
Ten fields of view were analyzed on each replicate. The field-of-view area was
7.65 � 104 �m2.

(ii) Localization of exopolysaccharides. We used two lectins, ConA and WGA,
conjugated with Alexa 488 fluorochrome. One hundred microliters of Alexa 488
ConA (Interchim; Montluçon) at a concentration of 200 �g/liter or Alexa 488
WGA (Interchim; Montluçon) at a concentration of 10 �g/ml was deposited on
the 1-day biofilms, and the biofilms were left in darkness for 1 h. The biofilms
were rinsed with 25 ml of sterilized ultrapure water before being examined under
an epifluorescence microscope (excitation, 490 nm; emission, 520 nm) connected
to a charge-coupled device camera.

Quantification of microorganisms transferred from biofilm to meat. A piece
of beef, 5 by 5 cm, topped with a 500-g weight, was placed on the biofilm and was
left for 30 s. This step was repeated 12 times at the same location with a new
piece of beef each time. Then each piece of beef was put in a bottle containing
10 ml of peptone solution. The bottles were vortexed for 20 s before a bacterial
count was made on TSA plates. A subsequent sonication of the bottle for 4 min
at 30°C in a 28-kHz, two-transducer 150-W sonication bath (Delta 220; Delta-
sonic, Meaux, France) did not improve the removal of bacteria from the meat
(data not shown). The counts were then used, as described below, to quantify the
attachment strengths of the microorganisms and the densities of the biofilm
populations. The counts were also added together to determine the quantity of
CFU detached by the 12 contacts.

Assessment of attachment strengths. (i) Difference between population as-
sessments by swabbing and by the equation of Veulemans et al. (50). Veulemans
swabbing difference (VSD) was defined as the difference between the bacterial
population of a biofilm as calculated by the equation established by Veulemans
et al. (50) and the same population according to a count after swabbing.

(ii) Slopes of curve plotting the logarithm of detached CFU against the order
number of the contact between biofilm and beef. By plotting the logarithm of the
number of CFU detached by the meat against the order number of the contacts,
we obtained a two-phase curve. We used the Superfit program (12) written in
Mathematica, version 4.0 (Wolfram Research, Champaign, Ill.), to estimate by
nonlinear regression slopes k1 and k2 of the 2 straight lines without fixing the
breakpoint. The slopes obtained were similar to those calculated with a break-
point set at transfer number 3. We therefore used this latter method to trace two
straight lines of the equation Nn � A � 10kn, where Nn is the number of CFU
transferred, A is the original ordinate, n is the order number of the contact, and
kn is either k1 (the slope of the first straight line) or k2 (the slope of the second
straight line). k is a value that indicates attachment strength (17).

Assessment of the biofilm’s bacterial population. The number of bacteria
present in the biofilm was calculated by using the formula given by Veulemans

et al. (50): �n�3
n3 	 Nn �

N3


1 � 10k�
. The result of this formula was added to the

number of bacteria detached by the first and second contact. This equation is
explained as follows.

Veulemans et al. (50) and Egington et al. (17, 18) obtained a one-phase curve,
and the regression analysis showed that the data fit with the general equation

Nn � A � 10kn (1)

which can also be written as follows:

Nn � A � 
10k�n � A � bn (2)

where b � 10k. For the first contact

N1 � A � b1 (3)

so that A �
N1

b
. For the nth contact, the equation becomes

Nn � A � bn � N1 � �bn

b� (4)

which can also be written as follows:

Nn � N1 � b
n�1� (5)

so that

�
n�1

n¡	

Nn � N1 � �
n�1

n¡	

b
n�1� (6)

but

�
n�1

n¡	

b
n�1� � 
1 � b��1 (7)

according to the general binomial expression (1 � x � x2 � x3 � x4 � . . .) � (1
� x)�1, equation 7 becomes

�
n�1

n¡	

Nn �
N1


1 � b�
(8)

In this study, this equation was only used to determine the population charac-
terized by the second slope that was calculated with a breakpoint set at transfer
number 3; therefore, the equation becomes

�
n�3

n¡	

Nn �
N3


1 � b�
(9)

and by replacing b with 10k in equation 9 we obtain

�
n�3

n¡	

Nn �
N3


1 � 10k�
(10)

Statistical analysis. An analysis of variance was used to determine the signif-
icant differences between strains and between treatments. All calculations were
performed with Statgraphics, version 3.3 (Sigma Plus, Paris, France), and statis-
tical significance was evaluated at a P value of �0.05.

RESULTS

Contact angles. On all three materials after cleaning and
sterilization, the angles of contact with water (Fig. 1a) were
above 75°. These materials were therefore hydrophobic.

On the conditioned materials, the angles of contact with
water and with formamide (Fig. 1a and b) were much smaller
(�45°). The nature of the material had little effect on the
contact angles (Fig. 1). The conditioning film altered the ex-
treme surface of all three materials in almost exactly the same
way: all became hydrophilic.

Of the three situations studied (cleaned materials, condi-
tioned materials, and conditioned and rinsed materials), it was
the conditioned and rinsed materials that generated surface
properties closest to those of surfaces with bacterial biofilms.
In all cases of conditioned and rinsed surfaces and biofilms, the
angles with formamide on PVC were always smaller than those
on PU and stainless steel. For conditioned and rinsed materials
and biofilms of Comamonas sp. and L. monocytogenes also, the
angles with di-iodomethane were significantly smaller on PVC
than on PU or stainless steel.

There were observable similarities between biofilms of S.
sciuri and P. putida, which both had contact angles on PVC
close to 10° with formamide and close to 35° with di-iodometh-
ane, and between biofilms of Comamonas sp. and L. monocy-
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FIG. 1. Contact angles measured on the surfaces of cleaned materials; conditioned materials; conditioned and rinsed materials; biofilms of
Comamonas sp., L. monocytogenes, S. sciuri (Staph. sciuri), and P. putida (Ps. putida) on stainless steel, PVC, and PU; and on the surfaces of pieces
of beef. Contact angles with water (a), formamide (b), and di-iodomethane (c) are shown. The bars represent the confidence intervals. The results
are from two duplicate experiments and 10 measurements per experiment.
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togenes, which both had contact angles of 20° with these two
liquids. Furthermore, the Comamonas sp. and L. monocyto-
genes biofilms had contact angles with formamide that were
more similar to those of conditioned and rinsed materials than
were the biofilms of the other two strains.

Lastly, for the pieces of beef, the angles of contact with all
three liquids were close to those of the conditioned and rinsed
materials and biofilms.

Bacterial population and structure of biofilms. The P.
putida biofilms had the largest bacterial populations (calculat-
ed with the equation of Veulemans et al. [50]) regardless of the
substrate material (Fig. 2). On stainless steel only, biofilms of
gram-negative bacteria had significantly larger populations
than did the gram-positive biofilms. Biofilms on polymers had
bacterial populations larger than those on stainless steel except
for those of Comamonas sp., whose populations did not differ
significantly between substrates.

The percentage of objects 45 �m2 in size was higher in
biofilms of S. sciuri and P. putida regardless of the material
(with one exception, P. putida on PVC) (Fig. 3). In contrast,
biofilms of Comamonas sp. and L. monocytogenes included
very few objects larger than 45 �m2.

Exopolysaccharide-producing capacity of biofilms. Biofilms
of S. sciuri and P. putida grown on polystyrene produced more
sugars detectable with peroxidase-labeled ConA (P � 0.04)
and peroxidase-labeled WGA (P � 0.001) than did the biofilms
of Comamonas sp. and L. monocytogenes (Fig. 4).

Characterization of attachment strengths of biofilm cells by
using VSD and slopes k1 and k2. No significant differences in
VSD were observed between the two polymers. However, tak-
ing the two polymers together, with three of the four strains
(S. sciuri, L. monocytogenes, and P. putida), VSDs were signif-
icantly greater with polymers than with stainless steel (P �
0.002) (Fig. 5). Only biofilms of Comamonas sp. showed VSDs
that did not significantly differ between the polymers and the
stainless steel substrates.

In all cases, the values of k1 and k2 were higher (low attach-
ment strength) on stainless steel than on polymers (Fig. 6).
Regarding k1, these differences were significant for all strains
except P. putida, and regarding k2, these differences were sig-
nificant only for L. monocytogenes.

Regarding the nature of the strain, the mean of the VSDs
obtained from L. monocytogenes biofilms on the two polymers
was the greatest, though only the difference between Comamo-
nas sp. and S. sciuri was significant. The mean of the k2 ob-
tained from transfers from L. monocytogenes biofilms on the
two polymers onto beef was the lowest (high attachment
strength) of the values obtained; however, the differences with
the other strains were only significant with S. sciuri.

Quantity of CFU transferred by the 12 contacts. The total
quantity of bacteria transferred onto beef by the 12 contacts
was significantly higher for biofilms formed on the two poly-
mers than for those formed on stainless steel (Fig. 2). The

FIG. 2. Total CFU transferred to beef by 12 contacts with biofilms
of Comamonas sp. (C sp), L. monocytogenes (Lm), S. sciuri, and P. pu-
tida (Ps putida) as a function of the bacterial populations of the same

biofilms calculated by using the equation of Veulemans et al. (50) on
stainless steel (a), on PU (b), and on PVC (c). The bars represent the
confidence intervals of two duplicate experiments. The straight line is
the bisector.
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quantity of CFU transferred to the meat by the 12 contacts was
in most cases very close to the number of bacteria in the
population calculated with the Veulemans equation (the points
are very close to the bisector), with the exception of the L.
monocytogenes biofilms, where the difference between these
two values was greatest on the polymers.

DISCUSSION

The physicochemical properties of the material surfaces
were very different before and after conditioning by meat ex-
udate. The cleaned materials studied here were hydrophobic,
whereas materials that had been conditioned or conditioned
and rinsed were hydrophilic. There was a marked difference in
contact angles between conditioned materials and conditioned
and rinsed materials. Rinsing, therefore, removed a high pro-
portion of the meat exudate components, probably carbohy-
drates (20) and other hydrosoluble compounds. Among these
situations, the conditioned and rinsed materials had surface
properties close to those of meat and those of the biofilm
surfaces. Or it is therefore fair to assume that the biofilms’
surface properties, as assessed by the contact angles, mainly
depended on the uncolonized part of the surface. In fact, the
part of the surface not colonized by microbial cells amounts to
about 80 to 95% of the surface area. In another study, using
epifluorescence microscopy with lectins (ConA and WGA)
marked with fluorochrome, we observed that the exopolysac-
charides of P. putida and S. sciuri (the strains with the highest
capacity to form exopolysaccharides) biofilms were visible only
on the edges of the microbial cells (the N-acetylglucosamine of
the wall of gram-positive cells, which has an affinity with WGA
[44], was not detected in L. monocytogenes and therefore prob-

ably not detectable in S. sciuri, which is also a gram-positive
bacterium). The contact angles on materials with biofilms were
therefore more a reflection of the uncolonized surface, so they
could not provide useful information about the affinity the
microbial cells might have had for the meat.

We then characterized the bacterial biofilms in terms of
bacterial population, capacity to produce exopolysaccharides,
and structure. In biofilms on stainless steel, the bacterial pop-
ulation was higher with gram-negative strains than with gram-
positive strains. This matches the results of Sommer et al. (45)
and Wirtanen and Mattila-Sandholm (51), who used glass and
stainless steel, respectively, as substrates for biofilms. On poly-
mers, by contrast, only P. putida had a larger population than
the other strains. In fact, the strong colonizing capacity of
bacteria of the genus Pseudomonas is often mentioned in the
literature (25, 33, 38).

Biofilms of S. sciuri and P. putida had higher exopolysaccha-
ride-producing capacities than the other two strains. This was
perhaps why the similarities between the physicochemical
properties of surfaces with biofilms and those of conditioned
and rinsed materials were less marked with biofilms of S. sciuri
and P. putida than with biofilms of Comamonas sp. and L.
monocytogenes (provided exopolysaccharide production on the
different materials used was proportionate to that produced on
polystyrene). Further, a higher proportion of clusters was seen
among the objects making up the biofilms of S. sciuri and P.
putida than in the biofilms of the other two strains. This might
be due to the greater exopolysaccharide-producing capacity of
these strains. A number of studies had shown that exopolysac-
charides are necessary for microcolonies to form (1, 15, 32).
Extracellular polymeric substances in general are known to

FIG. 3. Percentage of objects in each of the five object area classes defined for analyzing the two-dimensional structure of biofilms of
Comamonas sp., L. monocytogenes, S. sciuri (Staph. sciuri), and P. putida (Ps. putida) on stainless steel, PU, and PVC. The results are from two
duplicate experiments.
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play a part in the formation of bacterial aggregates (19), and
calcium bridges can link the anionic polysaccharide chains,
creating a network that traps the microbial cells (19). However,
the clusters obtained in our study were not very large. This
could be attributed to the very high inoculum level used to
make the biofilms. Sommer et al. (45) showed with Pseudomo-
nas sp. that a low level of adherent population on glass slides
led to the formation of a small number of very large micro-
colonies while a high proportion of the adherent population
produced a large number of small microcolonies.

However, in our study, the L. monocytogenes biofilms con-

sisted mainly of single cells, as is usually observed with this
bacterium in a pure culture (26, 43).

We then used two methods to assess the attachment
strengths of the microorganisms in the biofilms. The first
method compared the quantity of microorganisms detached by
a nonaggressive treatment with the calculated population
taken to be closest to the reality. Dewanti and Wong (16)
calculated the proportion of cells detached by agitation com-
pared to that assessed after surfaces were scraped and
swabbed. Using this principle we calculated the VSD. It had
been shown that swabbing alone, although relatively aggres-

FIG. 4. Comparison of the logarithm of the concentration of ConA and WGA required to achieve an OD405 of 0.8 for biofilms of Comamonas
sp., L. monocytogenes, S. sciuri (Staph. sciuri), and P. putida (Ps. putida). The bars represent the individual standard deviations from one duplicate
experiment. When exopolysaccharides were not detectable, the threshold value was used to perform the statistical analysis.

FIG. 5. Differences between the logarithm of the bacterial populations of biofilms of Comamonas sp., L. monocytogenes, S. sciuri (Staph. sciuri),
and P. putida (Ps. putida) grown on stainless steel and polymers, calculated by using the equation of Veulemans et al. (50), and the logarithm of
the bacterial populations of the same biofilms, calculated from a count after swabbing (VSD). The bars represent the confidence intervals from
two duplicate experiments.

VOL. 68, 2002 TRANSFER OF LISTERIA FROM INERT SURFACES TO MEAT 4021



sive, did not provide a basis for determining the total popula-
tion on the surface (35, 39).

The second method for assessing the attachment strength of
a bacterial population was described by Eginton et al. (17). In
our study it revealed two different bacterial populations. One,
which was detached easily, was characterized by k1. The other,
which was harder to detach, was characterized by k2. This latter
population was the larger of the two (87 to 98.5% of the
population calculated by the Veulemans equation). It was
probably the same population studied by Eginton et al. (17),
who removed the first population by very vigorous agitation
just before making contacts between the biofilms and TSA.

There was no correlation between the two slopes. Comamonas
sp. had a k1 of �0.46 and a k2 of �0.08 on stainless steel, and
the same strain had a k1 of �0.08 and a k2 of �0.05 on PU. The
values of k1 also varied much more than the values of k2.

These two methods showed that attachment strengths were
greater on polymers than on stainless steel and that this dif-
ference was more significant with L. monocytogenes biofilms.
However, in most cases it was the density of the biofilm pop-
ulation that had the strongest influence on the number of cells
transferred to the meat. A higher proportion of the biofilm
bacteria were transferred to the meat with polymer substrates
than with stainless steel (and as we have seen, biofilms on

FIG. 6. Slopes of two-phase curves obtained by plotting the logarithm of the number of CFU transferred to beef as a function of the number
of serial contacts with biofilms of Comamonas sp., L. monocytogenes, S. sciuri (Staph. sciuri), and P. putida (Ps. putida) grown on stainless steel and
polymers. (a) Slope 1 (k1) characterizes the first 3 contacts, and (b) slope 2 (k2) characterizes the last contacts. The bars represent the confidence
intervals from two duplicate experiments.
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polymers had larger populations than those on stainless steel).
Only the L. monocytogenes strain on polymers differed from
the other strains in that the measured quantity of bacteria
transferred by 12 contacts was markedly less than the biofilm
population estimated by the equation of Veulemans et al. (50).
This corroborates the highest attachment strength observed
with this strain. Despite the similarities observed between L.
monocytogenes and Comamonas sp. (physicochemical proper-
ties of surfaces colonized, low exopolysaccharide production,
and low proportion of clusters), the biofilm cells had different
attachment strengths. It would probably be useful to modify
the structure of the biofilms by changing the culture conditions
(inoculum level and proportion of glucose in the culture me-
dium, etc.) to find out whether, for a given strain, there is a link
between the biofilms’ structure, their extracellular polymeric
substance contents and viscoelasticity, and the attachment
strengths of the cells. In this way one could make a hypothesis
about cohesion, i.e., the cells’ attachment to each other and
their attachment to inert surfaces. Other factors that should be
investigated in the future are the temperature of the surfaces
and the fat content or residue of the surfaces.

Probably, given the weak attachment strengths observed on
stainless steel, this material is also easier to clean than the
polymers. This gives stainless steel a further advantage in ad-
dition to the qualities already mentioned. The polymers, on the
other hand, are known to be materials that spoil quickly with
mechanical and chemical wear and can thus shelter bacteria
that resist cleaning and disinfection processes. Under the con-
ditions we studied, it is likely that L. monocytogenes strains are
harder to remove by hygienic operations than the other bac-
terial strains from the polymers we used (PVC and PU).

Lastly, making repeated contacts between a biofilm and
meat (in our study) or agar (17, 18), despite the wide spread of
the results, allows one to roughly assess the attachment
strengths of cells in a biofilm and quantify the population,
giving a more accurate value than can be achieved with swab-
bing. Thus, on the basis of the results obtained, use of the
equation of Veulemans et al. gave a better assessment of the
bacterial population of biofilms on polymers than did swab-
bing. Despite the nature of the material and the nature of the
bacterial strain, both of which had an influence on attachment
strength, it was the density of a biofilm’s bacterial population
that had the greatest influence on the quantity of CFU trans-
ferred to the meat by 12 contacts. Given that, the method used
here to accurately count biofilm population may be useful for
studying the contaminant capacity of the surfaces of equipment
used in the food industry.
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