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ABSTRACT

Listeria monocytogenes is an important pathogen responsible for major outbreaks associated with food products. Adhesion
to surfaces leads to significant modifications in cell physiology. The aim of this work was to determine the adhesion ability
of 10 isolates of L. monocytogenes to eight materials commonly used in kitchens and to evaluate the viability of the adhered
cells. The materials assayed were stainless steel 304, marble, granite, glass, polypropylene from a bowl and from a cutting
board, and two kinds of silestone. All L. monocytogenes strains attached to all surfaces, although to different extents. L.
monocytogenes adhered most tightly to granite and marble, followed by stainless steel 304, glass, silestones, and finally
polypropylene surfaces. Surfaces at the threshold between hydrophobicity and hydrophilicity, with high electron acceptor
capability and a regular pattern of roughness, were more prone to attachment. Polypropylene surfaces displayed the highest
percentage of viable bacteria (nearly 100%), whereas marble and granite had a lower percentage of cultivable cells, 69.5 and
78.7%, respectively. The lowest percentage of culturable bacteria was found on white silestone (18.5%). These results indicate
that there are differences in adhered cell viability on different materials. Cell viability assays are important to better understand
the cross-contamination process because only adhered bacteria that remain viable are responsible for postprocess contamination.

Contaminated surfaces can transmit pathogens to food in
industrial and domestic food handling environments. Exposure
to pathogens on surfaces may take place either directly by
contact with contaminated objects or indirectly via aerosols
originating from the surface (38). Various bacteria of public
health significance, including Escherichia coli, Salmonella,
and Listeria monocytogenes, can survive on hands, sponges,
clothes, utensils, and currency for hours or days (20, 23, 35).
Pathogenic bacteria may remain on equipment surfaces even
after disinfection procedures are applied, increasing the risks
associated with the transmission of diseases (2, 14). Therefore,
domestic and industrial food handling environments can be
important sources of foodborne pathogens.

L. monocytogenes has been responsible for major out-
breaks associated with dairy and other food products (15).
This organism is frequently isolated from food-processing
and natural environments (18, 21, 29). L. monocytogenes is
found in many types of food products (12), especially raw
and ready-to-eat products such as milk, meat, cheese, and
flour (28). Raw foods provide a source of the pathogen
from which it may be spread to food contact surfaces (5).
Postprocess contamination of a food product with L. mono-
cytogenes is an ongoing problem (15) because the pathogen
can survive and grow at refrigeration temperatures (as low
as �1.5�C) and in environments with reduced water activ-
ity. This bacterium tolerates freezing and high salt concen-
trations (up to 30%) and grows at pH values below 5.0 (4).
The capacity of L. monocytogenes to attach to common
food contact surfaces such as plastic, rubber, stainless steel,
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and glass has been documented (10, 17, 26, 36, 39). How-
ever, differences have been reported in both the extent and
rate of adsorption, depending on the surface (37). The fac-
tors governing the adhesion of bacteria to surfaces are still
not well understood. In several studies, the adhesion of bac-
teria partly depended on both the nature of the inert sur-
faces and the properties of the bacterial surface (8, 11, 16,
42, 45). Nevertheless, in some situation it has been difficult
to establish a relationship between surface properties and
the extent of bacterial adhesion (10, 30, 31, 33). Adhesion
and colonization of surfaces lead to important modifications
in cell physiology, which can influence the viability of the
microorganisms (3, 22, 48, 49). However, few studies have
focused on the effect of adhesion on viability of L. mono-
cytogenes adhered to different materials (22, 49).

The aim of this work was to determine the adhesion
ability of 10 isolates of L. monocytogenes to eight materials
commonly used in kitchens and to evaluate the viability of
the adhered cells.

MATERIALS AND METHODS

Bacterial cells and culture conditions. Ten L. monocyto-
genes strains were used in this study (sources and serotypes listed
in Table 1). For each experiment, the strains were subcultured on
Trypticase soy agar (TSA; Merck, Darmstadt, Germany) for 48 h
at 37�C and then grown in 25 ml of Trypticase soy broth (TSB;
Merck) at 25�C for 24 h. After this period, 100 �l of each culture
was transferred to 100 ml of fresh TSB and incubated overnight
at 25�C. Overnight cultures were washed by centrifugation at
4,000 � g at 4�C for 15 min (3-16K, Sigma Laborzentrifugen
GmbH, Osterode, Germany) twice in phosphate-buffered saline
(PBS; 0.1 M, pH 7) and once in mineral water (Fastio, Gerês,
Portugal) and resuspended in the same water to a concentration
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TABLE 1. Strains, sources, and serotypes of L. monocytogenes
used in this study

Strain Source Serotype

1562 Clinical 4b
994 Food 4ab
930 Food 1/2b
925 Food 1/2b
747 Food 1/2b
923 Environmental 4b
832 Environmental 1/2b
812 Environmental 1/2b
924 Environmental 1/2b

1559 Environmental 1/2b

of 1 � 108 cells per ml (OD 600nm � 0.3). These suspensions
were used in subsequent assays.

Materials. The materials assayed were marble (Sivec from
Greece), granite ‘‘Pedras Salgadas’’ (Vila Pouca de Aguiar, Portugal),
stainless steel (SS) 304, glass, polypropylene from a kitchen bowl
(PPb), polypropylene from a cutting board (PPcb), and two kinds of
silestone, white (wST) and beige (bST) (Cosentino, Macael, Spain).
Silestone is a synthetic material composed of 94% quartz with an
antibacterial agent incorporated (Triclosan). The materials were cut
in squares of 2.0 by 2.0 cm2 and cleaned by immersion in a 0.2%
solution of a commercial detergent (Sonazol Pril, Alverca, Portugal)
followed by immersion in ethanol. Each individual square was well
rinsed with ultrapure water and dried at 60�C.

Bacteria and materials hydrophobicity. Hydrophobicity
was evaluated through contact angle measurements and using the
approach of van Oss and coworkers (44, 45). The degree of hy-
drophobicity of a given material was expressed as the free energy
of interaction (i) between two entities of that material when im-
mersed in water (w): �Giwi. If the interaction between the two
entities is stronger than the interaction of each entity with water
(�Giwi 	 0), the material is considered hydrophobic; if �Giwi 

0, the material is hydrophilic. �Giwi can be calculated through the
surface tension components of the interacting entities. Contact an-
gle measurements (at least 25 determinations for each liquid and
for each material and microorganism) were done by the sessile
drop technique on the cell lawns and on the materials with a
contact angle measurement apparatus (OCA 15 PLUS, Data-Ba-
sics, Inc., Cleveland, Ohio). All the measurements were performed
at room temperature. For bacteria, the measurements were made
from bacterial layers deposited on membrane filters, according to
a method described by Busscher et al. (7). Contact angles were
determined using the reference liquids ultrapure water, �-bromo-
naphthalene, and formamide, whose surface tension components
were obtained from the literature (19).

Surface roughness. Material surface roughness and topog-
raphy was assessed by atomic force microscopy, using a PicoPlus
scanning probe microscope (Molecular Imaging, Agilent, Santa
Clara, Calif.). Surface images were obtained in Tapping mode.
The samples were analyzed in air at room temperature. Hard sur-
face topography (granite, marble, glass, SS 304, and the two kinds
of silestone) was obtained using an Si tip with a spring constant
of approximately 42 N/m; the topography of the polypropylene
surfaces (PPb and PPcb) was imaged with an Si tip with a spring
constant of approximately 2.8 N/m. The roughness measurements
were performed under a scan range of 2.5 by 2.5 �m using the
SPIP version 4.2.2.0 software (Image Metrology A/S, Hørsholm,

Denmark). Measurements were made in three randomly chosen
areas in all samples.

Adhesion assays. Squares of each test material were placed
in six-well tissue culture plates (Orange Scientific, Braine-l’Alleud,
Belgium) containing 5 ml of a 1 � 108 cells per ml suspension
in water. The tissue culture plates were incubated for 2 h at 25�C
in a shaker rotating at 120 rpm. Negative controls were obtained
by placing the coupons in water without bacterial cells. To remove
unattached cells, the coupons were removed from the wells and
rinsed three times by soaking for 10 s in distilled water. These
washing steps were carefully performed to remove only the bac-
teria that were suspended in the liquid interface formed along the
surface and to minimize cell detachment from the surface (9). The
substrate squares with adhered cells were dried at 37�C for at least
2 h. All experiments were done in triplicate with three repeats.

Total cell counts of adhered bacteria. Bacteria were stained
by applying 100 �l of a 0.01% 4�,6-diamino-2-phenylindole solution
(DAPI; Sigma-Aldrich, Inc., St. Louis, Mo.), directly onto the cou-
pons for 15 min. The materials were then rinsed in distilled water
and left to air dry. Dry coupons were covered with coverslips and
stored in the dark for up to 2 days. Cells were visualized under an
epifluorescence microscope (Leitz, Wetzlar, Germany) coupled to a
3-CCD video camera (Axiocam HRC, Zeiss, Oberkochen, Germany)
that acquires images with 820- by 580-pixel resolution and a mag-
nification of �1,000. With this magnification, 1 cm2 is equivalent to
1.79 � 104 captured images (as determined by a Neubauer chamber).
For each surface analyzed, at least 20 pictures were taken covering
the entire surface. The number of adhered cells per picture was de-
termined by image analysis using automated enumeration software
(Sigma Scan Pro, Systat Software, San José, Calif.). Coupons also
were observed by scanning electron microscopy. The materials were
immersed for 15 min in solutions with increasing concentrations of
ethanol up to 100% (vol/vol). Before observation, the coupons were
mounted on aluminum stubs with carbon tape, sputtered with gold,
and observed with an S-360 scanning electron microscope (Leo,
Cambridge).

Bacterial viability assays. The viability of adhered cells was
assessed for each material with only one strain of L. monocyto-
genes. For each material, the strain selected for testing was the
one for which the number of adhering cells was closest to the
average obtained for all the strains assayed: 832 for SS 304 and
PPb, 1,562 for PPcb and bST, 925 for marble, 924 for granite and
glass, and 923 for wST. The culturability of adhered cells was
determined by enumerating the CFUs. After the adhesion assays,
the coupons were immersed in 2.5 ml of PBS in new six-well
tissue culture plates. The cells were removed by scraping each
coupon approximately 20 times with a sterile toothpick, and 100
�l of the appropriate dilution was plated onto TSA. Before colony
enumeration, the plates were incubated at 37�C for 24 h. Total
cell counts were obtained by filtering 1,000 �l of the suspension
containing the detached L. monocytogenes cells through polycar-
bonate membranes with a pore size of 0.2 �m (Whatman, Kent,
UK). After filtration, the membranes were stained with 200 �l of
0.01% DAPI, and the cells were visualized under an epifluoresc-
ence microscope.

Bacterial cell membrane integrity was assessed using the LIVE/
DEAD Backlight kit (Molecular Probes, Eugene, Oreg.) (6). The two
reagents (syto9 and propidium iodide) were prepared according to
the manufacturer’s instructions and mixed in equal proportions. The
mixture (100 to 200 �l per membrane) was then applied to the pre-
viously filtered cellular suspension on a polycarbonate membrane,
covered with a coverslip, and incubated for 15 min in the dark. Cells
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TABLE 2. Contact angle, surface tension components, and free energy of interaction between two cells of the same isolate of L.
monocytogenes immersed in water (�Giwi)a

Strain

Mean (SD) contact angle (degrees)

�W
b �F ��-B

Surface tension components

�S
LW �S

� �S
� �S

AB �S
TOT

�Giwi

(mJ/m2)

1559 26.7  1.6 30.5  2.5 34.5  2.8 36.9 0.7 52 11.8 48.7 32.6
1562 31.2  2.8 A 31.2  2.6 43.5  1.5 33.0 1.4 47.1 16.2 49.2 25.6
930 23.3  1.1 32.7  1.7 40.5  1.7 34.4 0.7 57.1 12.6 47.0 39.2
994 37.8  2.1 A 23.3  1.6 44.6  2.2 32.4 3.2 34.3 21.0 53.5 8.5
925 25.1  2.3 26.3  1.8 41.1  1.1 34.1 1.5 50.3 17.4 51.5 28.5
924 26.1  2.4 29.6  4.4 45.8  1.7 32.0 1.6 51.5 18.2 50.2 30.1
923 26.1  1.9 26.7  2.4 37.9  1.9 35.5 1.3 49.8 16.1 51.6 28.2
832 26.8  3.8 33.7  2.0 44.9  2.9 32.4 1.1 54.1 15.4 47.8 35.0
812 27.3  2.1 26.7  1.5 48.0  2.9 30.9 2.4 48.0 21.5 52.4 24.8
747 24.7  2.1 23.0  1.6 34.9  3.2 36.8 1.3 48.9 16.2 53.3 24.7

a �W, contact angle of water; �F, contact angle of formamide; ��-B, contact angle of �-bromonaphthalene; �S
LW, apolar Lifshtz-van der

Waals surface energy component; �S
�, electron acceptor surface energy component; �S

�, electron donator surface free energy com-
ponent; �Giwi, degree of hydrophobicity.

b Means followed by the same letter are similar (P 
 0.05) and significantly different from those for others strains (P 	 0.05).

TABLE 3. Contact angle, surface tension components, and free energy of interaction between two entities of the same material immersed
in water (�Giwi)a

Material

Mean (SD) contact angle (degrees)

�W
b �F ��-B

Surface tension components

�S
LW �S

� �S
� �S

AB �S
TOT

�Giwi

(mJ/m2)

SS 304 90.4  2.9 A 59.7  3.1 31.4  1.3 38.1 0.4 0.7 1.1 39.2 �79.3
Granite 57.4  2.9 B 37.8  1.4 41.6  1.9 33.9 2.1 18.0 12.3 46.2 �14.2
Marble 66.3  1.8 C 47.3  2.1 50.9  1.5 29.5 2.2 13.0 10.7 40.2 �21.8
PPb 97.1  2.3 A 83.4  2.6 49.9  1.9 30.0 0.0 4.2 0 35 �62.0
PPcb 89.3  1.9 A 73.8  2.2 42.5  2.9 33.5 0 5.6 0 36.2 �56.8
Glass 69.9  3.8 C 76.1  1.5 56.2  1.7 26.9 0 32.4 0 33.8 12.4
bST 57.9  3.0 B 61.1  2.1 34.6  2.7 36.9 0 36.9 0 40.9 16.8
wST 65.4  1.9 C 43.8  2.6 30.9  2.4 38.3 0.9 12.6 6.7 45.0 �29.3

a �W, contact angle of water; �F, contact angle of formamide; ��-B, contact angle of �-bromonaphthalene; �S
LW, apolar Lifshtz-van der

Waals surface energy component; �S
�, electron acceptor surface energy component; �S

�, electron donator surface free energy com-
ponent; �Giwi, degree of hydrophobicity.

b Means followed by the same letters are similar (P 
 0.05) and significantly different from those for other materials (P 	 0.05).

were visualized under an epifluorescence microscope equipped with
a filter block that simultaneously detects the two components of the
mixture. For each surface analyzed, 15 pictures were taken, and the
percentage of the cells with intact membranes was calculated from
the mean value for each picture.

Statistical analysis. All the assays were compared using a
one-way analysis of variance by applying Levene’s test of ho-
mogeneity of variance and the Tukey multiple-comparison test
using SPSS software (SPSS, Statistical Package for the Social
Sciences, Inc., Chicago, Ill.). All tests were performed with a con-
fidence level of 95%.

RESULTS

Surface physicochemical analysis. Bacterial cell sur-
face physicochemical characteristics are presented in Table
2. Water contact angles can be used as a qualitative indi-
cation of the cell surface hydrophobicity (32). According
to Vogler (47), hydrophobic surfaces exhibit water contact
values higher than 65�; lower values indicate hydrophilic
characteristics. The values obtained for all strains assayed

were quite similar, ranging from contact angles of 23.3 
1.1� (strain 930) to 27.3  2.1� (strain 812). The exceptions
were strains 1562 (31.2  2.8�) and 994 (37.8  2.1�),
which had significantly different water contact angles (P 	
0.05). Thus, L. monocytogenes strains used in this study
could be considered hydrophilic (�W 	 65�). All strains
were predominantly electron donors (high values of �S

�),
with low electron acceptor values (�S

�) (Table 2).
Substrate surface physicochemical characteristics are

presented in Table 3. The highest water contact angle was
displayed by PPb, and the lowest were displayed by bST
and granite. Differences in water contact angles are signif-
icant among most of the substrates (P 	 0.05). The excep-
tions are SS 304 and polypropylenes, granite and bST, and
marble, glass, and wST (P 
 0.05). All the materials ex-
amined herein could be considered hydrophobic, with ex-
ception of granite and bST (�W 	 65�). All those substrates
have surfaces that are predominantly electron donors (high
values of �S

�). Nevertheless, granite and marble had the
highest electron acceptor values (�S

�) (Table 3).
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TABLE 4. Surface roughness of materials (Ra)

Material Mean (SD) Ra (nm)

SS 304 30.9  4.4
PPb 4.8  0.6
PPcb 8.5  1.6
Granite 13.1  2.3
Marble 8.5  0.4
Glass 1.6  0.2
wST 31.5  1.5
bST 24.6  6.4

FIGURE 1. Atomic force microscopy three-dimensional images (surface topography): (a) stainless steel (SS 304), (b) white Silestone
(wST), (c) beige Silestone (bST), (d) polypropylene from a bowl (PPb), (e) polypropylene from a cutting board (PPcb), ( f ) glass, (g)
granite, and (h) marble.

According to van Oss (43), all strains of L. monocy-
togenes are hydrophilic (Table 2) and all materials other
than granite and bST are hydrophobic (Table 3).

Surface roughness analysis. Mean surface roughness
(Ra) was obtained from roughness analysis conducted via
atomic force microscopy. Ra (in nanometers) indicates the
mean distance of the roughness profile to the center plane
of the profile. Substantial differences were observed among
the eight surfaces assayed in this study (Table 4). The two
silestones and SS 304 were the materials with the highest
value of Ra, followed by granite. Both polypropylene sur-
faces and marble had very similar Ra values. Glass was the
material with the lowest Ra value. The topographic images
of the materials assayed obtained by atomic force micro-
scopic examination are presented in Figure 1. Marble, gran-
ite, and PPb have a homogeneously distributed pattern of
roughness (Fig. 1d, 1g, and 1h), and PPcb has a particular
topography with some peaks but with very regular aspect
(Fig. 1e). In contrast, the two silestones have a heteroge-
neous pattern of roughness (Fig. 1b and 1c). SS 304 is
regularly marked by grooves and crevices (Fig. 1a), prob-
ably because of structural grains.

Adhesion assays. The results of the adhesion assays
are presented in Figures 2 and 3. All L. monocytogenes
strains adhered to all materials studied. However, L. mono-
cytogenes adhered more tightly to granite and marble, fol-
lowed by SS 304 and glass. The silestones had intermediate

adhesion, and the polypropylene surfaces (PPcb and PPb)
had the smallest number of adhered cells (P 	 0.05). The
number of cells adhering to marble and granite was signif-
icantly different from the number of cells adhering to the
other materials (P 	 0.05). However, between the pairs SS
304 and glass, PPb and PPcb, and wST and bST, no sig-
nificant differences were found (P 
 0.05). A large varia-
tion in the number of adhered cells was observed, ranging
from 4.8  0.1 log cells per cm2 (strain 994 on PPb) to
6.8  0.1 log cells per cm2 (strain 923 on marble). Strain
1559 had the highest adherence to SS 304, whereas adhe-
sion of strains 747 and 924 to SS 304 was very low. Strains
1559 and 923 adhered in higher numbers to PPb than did
most of the other strains (P 	 0.05). In contrast, no sig-
nificant differences in adhesion were found among the other
isolates of L. monocytogenes (P 
 0.05). All strains had
similar adhesion to PPcb (P 
 0.05). The number of at-
tached L. monocytogenes 930 cells to granite was signifi-
cantly lower than that for the other isolates. On marble,
strain 923 attached at a significantly higher level than did
the other strains (P 	 0.05). L. monocytogenes 747 adhered
to wST to a significantly higher extent than did the other
strains. Concerning bST, strain 924 attached at a signifi-
cantly lower level than did the others strains (P 	 0.05).
In the case of glass, strain 832 adhered to a higher extent
than did most of the other strains (P 	 0.05), whereas strain
1559 had the lowest adhesion ability (P 	 0.05).

Bacteria viability assays. To assess any relationship
between the extent of adhesion and the viability of bacteria
attached to different materials, the percentage of culturable
cells was determined. According to Table 5, the percentage
of culturable bacteria was nearly 100% on polypropylene
(PPb and PPcb) and glass. For marble, granite, and SS 304,
those values were 69.7%  12.4%, 78.7%  0.8%, and
89.4%  5.0%, respectively. After 2 h of culture on wST,
only 18.4%  3.9% of L. monocytogenes cells remained
culturable, whereas for bST up to 74.0%  0.4% culturable
cells were found. To complement and confirm the results
obtained as CFU counts, membrane integrity of adhered L.
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FIGURE 2. For different strains of L. monocytogenes, log number of cells per square centimeter adhered to stainless steel (SS 304),
polypropylene from a bowl (PPb), polypropylene from a cutting board (PPcb), granite, marble, glass, white Silestone (wST), and beige
Silestone (bST). Asterisks indicate values for materials that are similar (P 
 0.05) and significantly different from values for the other
materials (P 	 0.05). Error bars represent the standard deviation of three replicates.

FIGURE 3. Scanning electron microscopic images of L. monocytogenes adhered to (a) polypropylene from a bowl (PPb), (b) polypro-
pylene from a cutting board (PPcb), (c) glass, (d) stainless steel (SS 304), (e) white Silestone (wST), (f) beige Silestone (bST), (g)
marble, and (h) granite. Scale bars correspond to 10 �m.

monocytogenes cells also was evaluated by Syto9-Pi double
staining (Table 5). Bacteria with intact cell membranes stain
fluorescent green, whereas those with damaged membranes
stain fluorescent red. The highest percentage of damaged
cells were detected on wST (20.4%  9.4% of cells had
intact membranes) followed by marble (70.3%  2.1%)
and SS 304 (78.2%  6.2%). No bacteria with damaged
cell membranes were found on either type of polypropyl-
ene. The materials with the lowest number of adhered cells
had a higher percentage of viable cells.

DISCUSSION

The aim of this study was to investigate the adhesion
and corresponding cell viability of 10 strains of L. mono-
cytogenes to eight materials commonly used for kitchen
surfaces. Considering the complex nature of the role of ma-
terials and bacteria surface properties in the attachment of
microorganisms to abiotic surfaces, the first step in this
work was to determine the surface physicochemical prop-

erties of the strains and materials under study. As previ-
ously described, the water contact angles obtained for the
different strains of L. monocytogenes were very similar,
with the exception of two strains (1562 and 994) that had
higher values. The water contact angles of most strains
were similar to those reported by Absolom (1), �W � 25�,
and Mafu et al. (27), �W � 26�, which confirms the repro-
ducibility of the method. There are few references in the
literature about contact angles for food contact materials.
According to Vogler’s criterion (47), the materials tested
here are classified as hydrophobic with the exception of
granite and bST, which are considered hydrophilic. These
results are in accordance with previous reports, where glass
has been classified as hydrophilic (12, 27) and polypropyl-
ene has been classified as hydrophobic (27). In contrast, SS
304, which sometimes is classified as hydrophilic (11, 24,
27), was one of the most hydrophobic materials assayed in
this study. For marble, granite, and the silestones, there are
no references in the literature to our knowledge.
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TABLE 5. Viability of L. monocytogenes cells after 2 h of adhesion to different materials

Material Straina No. of adhered cells/cm2
Mean (SD) %
cultivable cells

Mean (SD) % cells with
intact membrane

SS 304 832 1.4E�06 89.4  5.0 78.2  6.2
PPb 832 1.4E�05 100  0.1 100  0.0
PPcb 1562 2.1E�05 100  0.0 100  0.0
Marble 925 2.6E�06 69.7  12.4 70.3  2.1
Granite 924 2.7E�06 78.7  0.8 80.3  8.4
wST 923 7.4E�05 18.4  3.9 20.4  9.4
bST 1562 6.1E�05 74.0  0.4 81.6  5.6
Glass 924 1.6E�06 98.3  2.4 78.9  6.2

a Strain for which the number of adhered cells was closest to the mean for all strains.

The second part of this work was conducted to deter-
mine the ability of L. monocytogenes strains to adhere to
the test materials. All strains adhered to all materials but to
different extents depending on the material and strain. This
result is similar to that obtained by other authors (26, 34).
There was significant interstrain variability in the ability to
attach to abiotic surfaces, as reported previously (13, 25,
30). From the present results it is not possible to establish
a direct correlation between the number of adhered cells
and substrate surface hydrophobicity. In fact, adhesion oc-
curred to a large extent on the material with the highest
hydrophobicity (SS 304), for which results were similar to
those for the moderately hydrophobic marble and the hy-
drophilic granite. However, the results suggest a correlation
between the substrate electron acceptor parameter (�S

�) and
the number of adhered cells; marble and granite are the two
materials with the highest number of adhered cells and the
highest electron acceptor values.

Surface roughness also influences bacterial adhesion,
and its increase has a significant effect on cell retention (40,
46). Nevertheless, no correlation was found between the
number of cells adhered to the different materials and the
mean surface roughness of these materials. Adhesion oc-
curred to a greater extent to materials with the highest
roughness values (SS 304 and silestones), but adhesion was
similar for the smoothest material (marble). Several authors
studying bacteria and yeast have reported high adhesion to
surfaces with Ra values ranging from 1.12 to 1.29 �m (41,
46). However, the measured roughness is in the nanometer
range, and most of the tested substrates have no significant
crevices or microscopic niches (of micrometer size) pro-
moting the retention of cells. Nevertheless, scanning elec-
tron microscopic examination (Fig. 3) revealed cells attach-
ing to microdefects on silestones and granite, indicating that
small irregularities on surfaces are important because they
provide entrapment sites for pioneer species. The present
results suggest that L. monocytogenes is more prone to ad-
here to surfaces that are on the threshold between hydro-
phobicity and hydrophilicity (marble and granite), with
high electron acceptor capability and a relatively regular
topography, probably displaying a great number of contact
points.

The present work also was conducted to assess the vi-
ability status of adhered L. monocytogenes cells. The results
show different patterns of adhered cell viability for the dif-

ferent materials studied. White silestone, marble, granite,
and SS 304 are more deleterious to bacterial survival than
are both types of polypropylene and glass. The results also
showed that the percentage of viable cells on the surface
of polypropylene and glass was close to 100%, despite the
lower extent of adhesion. Cells adhered to marble and gran-
ite exhibited reduced viability despite the high number of
adhered cells. The lower percentage of viable cells on wST
is easily explained by the presence of incorporated Triclo-
san in this synthetic material. In contrast, the results for
bST were unexpected, because no similar cell death was
observed. The stain method (LIVE/DEAD) has several ad-
vantages compared with CFU counts: it is quite easy and
quick to perform, allowing rapid examination. Enumeration
of bacteria by plate counting may not include all viable
cells because some bacteria can lose the ability to grow on
solid media even while they remain viable. A direct com-
parison of numbers of viable cells and culturable cells of
L. monocytogenes was possible because these two ap-
proaches were applied. Because the results obtained are co-
incident, it is also possible that nonculturable cells also
were nonviable because of damaged cell membranes.

The adhesion of L. monocytogenes to abiotic surfaces
is a multifactorial phenomenon; however, at the threshold
between hydrophobicity and hydrophilicity the electron ac-
ceptor capability and the pattern of roughness are deter-
minant. This work also shows the importance of viability
assays for better understanding the cross-contamination
processes, because adhered bacteria that remain viable are
the real culprits responsible for postprocess contamination.
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