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We determined the variations in the surface physicochemical properties of Listeria monocytogenes Scott A
cells that occurred under various environmental conditions. The surface charges, the hydrophobicities, and the
electron donor and acceptor characteristics of L. monocytogenes Scott A cells were compared after the organism
was grown in different growth media and at different temperatures; to do this, we used microelectrophoresis
and the microbial adhesion to solvents method. Supplementing the growth media with glucose or lactic acid
affected the electrical, hydrophobic, and electron donor and acceptor properties of the cells, whereas the growth
temperature (37, 20, 15, or 8°C) primarily affected the electrical and electron donor and acceptor properties.
The nonlinear effects of the growth temperature on the physicochemical properties of the cells were similar for
cells cultivated in two different growth media, but bacteria cultivated in Trypticase soy broth supplemented
with 6 g of yeast extract per liter (TSYE) were slightly more hydrophobic than cells cultivated in brain heart
infusion medium (P < 0.05). Adhesion experiments conducted with L. monocytogenes Scott A cells cultivated in
TSYE at 37, 20, 15, and 8°C and then suspended in a sodium chloride solution (1.5 3 1021 or 1.5 3 1023 M
NaCl) confirmed that the cell surface charge and the electron donor and acceptor properties of the cells had
an influence on their attachment to stainless steel.

Listeria monocytogenes is a gram-positive human pathogen
that is responsible for serious infections in immunocompro-
mised individuals and pregnant women (17). L. monocytogenes
has been implicated in several food-borne disease outbreaks.
This organism is found not only in raw food but also on work-
ing surfaces in food-processing plants (40, 41). Microorganisms
attached to a surface are an important potential source of
contamination for any food material coming into contact with
that surface (27). Bacterial attachment to an inert surface
results from complex physicochemical interactions among the
cell, the surface, and the liquid phase (24), which are caused by
the cell surface charge (15), the hydrophobicity (45), and elec-
tron acceptor and donor properties (47).

Many workers have described the effects of various environ-
mental parameters on L. monocytogenes growth (1, 7, 13),
survival (31, 32, 34), pathogenicity (14, 44), and adhesion (2,
24). The most frequently studied parameters are growth tem-
perature (12, 39), acidification of the growth media with or-
ganic acids (20, 43), and changes in the water activity of the
growth medium caused by adding NaCl (29, 33). It has also
been shown that results may be depend on the growth medium
(16, 21, 25). For L. monocytogenes growth, the following two
media have been used most frequently previously: brain heart
infusion (BHI) broth (4, 30) and Trypticase soy broth supple-
mented with 6 g of yeast extract per liter (TSYE) (5, 22, 26).

Limited data concerning the effects of environmental and
cultivation parameters on the physicochemical properties of L.

monocytogenes have been published previously. Hence, the aim
of this study was to determine the surface electrical properties,
hydrophobicities, and electron donor and acceptor properties
of L. monocytogenes Scott A cells under different growth con-
ditions.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and preparation of microbial suspen-
sion. L. monocytogenes Scott A (a human isolate obtained from the 1983 Mas-
sachusetts milk outbreak [18]) was provided by Bongrain Research and Devel-
opment Centre (SOREDAB, La Boissière Ecole, France) and was stored at
280°C.

The following four growth media were used for experiments carried out at
37°C: BHI medium (Oxoid, Dardilly, France), TSYE (Biomérieux, Marcy
l’Etoile, France), TSYE supplemented with 7.5 g of glucose per liter (Prolabo,
Fontenay-sous-Bois, France), and TSYE supplemented with 1 N lactic acid
(Prolabo) to obtain a pH of 6.0. The effects of growth temperatures (37, 20, 15,
and 8°C) were studied by using TSYE and BHI medium. For all of the experi-
ments, frozen cells were subcultured twice in the same medium and at the same
growth temperature as the final culture. For the final culture, 1 ml of the second
subculture was inoculated into 200 ml of fresh medium, and the preparation was
incubated at the appropriate temperature until the stationary stage was reached.
The stationary stage was reached after 15, 24, 30, and 192 h for cells grown at 37,
20, 15, and 8°C, respectively.

Cells were harvested by centrifugation for 10 min at 7,000 3 g at 4°C and were
washed twice with and resuspended in the relevant suspending liquid (1.5 3 1021

or 1.5 3 1023 M NaCl).
MATS. Microbial adhesion to solvents (MATS) is based on comparing micro-

bial cell affinity to a polar solvent and microbial cell affinity to a nonpolar solvent
(8). The polar solvent can be an electron acceptor or an electron donor, but both
solvents must have similar van der Waals surface tension components. The
following pairs of solvents, as described by Bellon-Fontaine et al. (8), were used:
chloroform, an electron acceptor solvent, and hexadecane, a nonpolar solvent;
and ethyl acetate, a strong electron donor solvent, and decane, a nonpolar
solvent. Due to the surface tension properties of these solvents, differences
between the results obtained with chloroform and hexadecane and the results
obtained with ethyl acetate and decane indicated that there were electron donor-
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electron acceptor interactions at the bacterial cell surface and revealed hydro-
phobic and hydrophilic properties. A microbial suspension containing approxi-
mately 108 CFU in 2.4 ml of 1.5 3 1021 M NaCl was vortexed for 60 s with 0.4
ml of a solvent. This high concentration of electrolyte was used to avoid charge
interference by a masking cell charge, because some solvent droplets, especially
hexadecane, become negatively charged in aqueous suspensions (19). The mix-
ture was allowed to stand for 15 min to ensure that the two phases were
completely separated before a sample (1 ml) was carefully removed from the
aqueous phase and the optical density at 400 nm was determined. The percent-
age of cells present in each solvent was subsequently calculated by using the
equation: % Affinity 5 100 3 [1 2 (A/A0)], where A0 is the optical density at 400
nm of the bacterial suspension before mixing and A is the absorbance after
mixing. Each experiment was performed in triplicate by using three indepen-
dently prepared cultures.

Electrophoretic mobility. To measure electrophoretic mobility, bacteria were
suspended in 1.5 3 1023 M sodium chloride at a concentration of 107 CFU z
ml21. The pH of the suspension was adjusted to pH 2 to 7 by adding nitric acid
(HNO3) or potassium hydroxide (KOH). Electrophoretic mobility was measured
by using a 50-V electric field and a Laser Zetameter (Zêtaphoremètre II; Société
d’Étude Physico-Chimiques, Limours, France). The results were based on an
automated video analysis of about 200 particles for each measurement. Each
experiment was performed in duplicate by using two independently prepared
cultures. The typical standard deviation for the electrophoretic mobility mean
was 0.25 mm/V/cm/s.

Microbial adhesion to AISI 304 stainless steel. (i) Solid surface and cleaning
treatment. The solid support selected for this study was AISI 304 stainless steel
(Goodfellow, Cambridge Science Park, United Kingdom). Before physicochem-
ical characterization and adhesion assays were begun, the steel was cut into
rectangular chips (3 by 1 cm) and cleaned by soaking for 10 min at 50°C in a 2%
(vol/vol) solution of the commercial surfactant RBS 35 (Société des Traitements
Chimiques de Surface, Lambersart, France), rinsing for 10 min in Milli-Q water
(Millipore, Saint-Quentin en Yvelines, France) at 50°C, and rinsing five times in
500 ml of Milli-Q water at room temperature.

(ii) Determination of the physicochemical properties of the solid surface. The
Lifshitz-van der Waals (gLW), electron donor (g2), and electron acceptor (g1)
surface tension components of stainless steel (S) were determined by measuring
contact angles by using the approach proposed by van Oss et al. (46). In this
approach, in which spreading pressure is ignored, the contact angles (u), mea-
sured with three pure liquids (L), can be expressed as:

cosu 5 21 1 2(gs
LWgL

LW)1/2/gL 1 2~gS
1 gL

2 !1/2/gL 1 2~gs
2 gL

1 !1/2/gL

The three pure liquids used were Milli-Q water (Millipore), formamide (Sigma,
Saint-Quentin Fallanier, France), and diiodomethane (Sigma).

(iii) Adhesion experiments. Adhesion assays were performed by using micro-
bial cells cultured at 37, 20, 15, or 8°C in TSYE and resuspended in 1.5 3 1021

or 1.5 3 1023 M sodium chloride as described below. Thirty milliliters of a
bacterial suspension containing approximately 108 CFU z ml21 was incubated in
a petri dish (diameter, 10 cm) containing 3-cm2 stainless steel chips for 3 h at the
temperature at which the bacteria were grown (37, 20, 15, or 8°C). The stainless
steel chips were then rinsed to remove the nonadhering bacteria by pouring 30
ml of Milli-Q water onto the chips three times. The stainless steel chips were
immersed in a test tube containing 10 ml of sterile 1.5 3 1021 or 1.5 3 1023 M
NaCl. Bacterial cells were detached from the inert support by using a sonication
bath (Ultrasonik) for 2 min at 40 kHz and 35°C. CFUs were counted by using the
serial dilution technique and the bacterial suspension obtained after sonication.
Counts were determined on TSYE agar (Biomérieux), and the preparations were
incubated for 24 h at 37°C. Each experiment was performed in triplicate by using
two independently grown cultures. We assessed the viability of the bacteria in the

two suspending liquids and at the four temperatures analyzed by counting sus-
pended cells on TSYE agar at the beginning and end of the adhesion period.

Statistical analysis. A principal-component analysis was performed by using
STATITCF software (Institut Technique des Céréales et des Fourrages, Paris,
France), and a two-way analysis of variance was performed with Statgraphics 6.0
(Manugistics, Rockville, Md.).

RESULTS

Influence of growth conditions (medium and temperature)
on L. monocytogenes Scott A surface physicochemical proper-
ties. (i) Influence of growth medium on cell surface physico-
chemical properties. The MATS results obtained for L. mono-
cytogenes Scott A grown at 37°C in BHI, TSYE, TSYE
supplemented with glucose, and TSYE supplemented with lac-
tic acid are shown in Table 1. Regardless of the medium used,
the affinity of L. monocytogenes Scott A was always higher with
chloroform (an electron acceptor solvent) than with hexade-
cane (a nonpolar solvent). The differences in bacterial affinity
between these two solvents were due to Lewis acid-base inter-
actions (i.e., electron donor-electron acceptor interactions re-
sulting from the electron donor nature of the bacteria). The
electron donor nature was maximized for cells cultivated in
BHI medium or TSYE. Likewise, bacterial affinity was lower
with ethyl acetate (a strongly electron-donating solvent) than
with decane, indicating that the electron-accepting nature of L.
monocytogenes Scott A grown in either medium was weak.
Affinity to ethyl acetate was maximized with cells cultivated in
the glucose-supplemented medium; this culture was also the
culture with the lowest pH in the stationary phase (pH 4.1 and
4.7 for culture media supplemented with glucose and lactic
acid, respectively; pH 5.1 for cells grown in TSYE).

Figure 1 shows the electrophoretic mobilities of L. monocy-
togenes Scott A at pH 2 to 7 when it was grown in BHI medium,
TSYE, TSYE supplemented with glucose, or TSYE supple-
mented with lactic acid. All of the cells were highly negatively
charged, and so an isoelectric point could not be determined in
the pH range studied. Conversely, cells grown in TSYE or BHI
medium had very similar electrical characteristics (high mobil-
ity at a neutral pH and low mobility at an acidic pH) compared
with cells cultivated in medium supplemented with glucose or
lactic acid.

(ii) Influence of growth temperature on cell surface physi-
cochemical properties. Table 1 shows the affinities with the
four solvents used in the MATS method of the bacteria grown
in TSYE or BHI medium at 37, 20, 15, and 8°C. Cells culti-
vated in TSYE exhibited slightly greater affinity with nonpolar
solvents than cells cultivated in BHI medium exhibited (P ,
0.05), and the affinity with ethyl acetate was greatest at 37°C

TABLE 1. Affinities of L. monocytogenes Scott A cells for the four solvents used in the MATS analysis after growth in either BHI medium or
TSYE at 37, 20, 15, and 8°C and after growth at 37°C in TSYE supplemented with glucose or lactic acida

Medium Temp (°C)
% Affinity for:

Chloroform Hexadecane Ethyl acetate Decane

TSYE 1 glucose 37 90 6 1 70 6 6 56 6 3 71 6 9
TSYE 1 lactic acid 37 96 6 1 85 6 7 33 6 3 96 6 8
TSYE 37 91 6 7 46 6 11 17 6 9 51 6 11

20 94 6 6 48 6 10 17 6 2 64 6 6
15 91 6 3 48 6 10 7 6 3 66 6 7

8 94 6 2 53 6 8 14 6 4 67 6 11
BHI 37 89 6 3 41 6 11 24 6 5 44 6 10

20 92 6 3 48 6 7 13 6 5 47 6 5
15 92 6 4 39 6 11 13 6 2 64 6 3

8 93 6 4 44 6 4 17 6 1 55 6 6

a Affinity values are means 6 standard deviations (n 5 9).
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and least at 15°C (P , 0.05). Moreover, the growth tempera-
ture had a significant effect (P , 0.05) on the electrophoretic
mobility of the bacteria, as shown in Fig. 2. Our results indi-
cated that the nonlinear effects of the growth temperature on
the electrophoretic mobility of microbial cells were the same
for both growth media. Except for the most acidic pH (pH 2.0),
electrophoretic mobility was greatest for cells grown at 15 or
20°C and lowest for cells cultivated at 8°C. The electrophoretic
mobility of the bacteria was between 20.5 and 22 mm/s/V/cm
at pH 2.0. The isoelectric point of microbial cells could not be
determined at any of the growth temperatures used in this
study. Data were analyzed by using the data compression step
of principal-component analysis, which removes the redun-
dancy in an original data set so that only the first few
principal-component scores are needed to describe most of
the information in the original data set (11). The results of a
principal-component analysis of the combined physicochemi-
cal properties of L. monocytogenes Scott A grown in TSYE or
BHI medium at all temperatures are shown in Fig. 3. The first
principal-component score, which accounts for 43% of the
total variation in the original data set, is positively correlated
with a high negative cell wall charge. This principal-component
score discriminates among the samples by relating to the
growth temperature. The second principal-component score
represents 29% of the total variation in the original data set,
and it is positively correlated with cell affinity for nonpolar
solvents (hexadecane and decane) and negatively correlated
with cell affinity for ethyl acetate. This principal-component
score mainly distinguishes between cells grown in BHI and
cells grown in TSYE.

Adhesion of L. monocytogenes Scott A grown in TSYE at
different temperatures. The numbers of culturable bacteria
adhering to stainless steel under the eight conditions studied
here are shown in Table 2. At the four growth temperatures,
bacterial cells bound more effectively to the stainless steel
when they were suspended in 1.5 3 1021 M NaCl than when
they were suspended in 1.5 3 1023 M NaCl (P , 0.05). Fur-
thermore, adhesion was greatest for bacterial cells cultivated at

37°C and lowest for cells cultivated at 15°C (P , 0.05), and the
number of attached bacteria decreased between 20 and 15°C.
A graph of the affinity of cells for ethyl acetate as determined
by the MATS method versus the number of adherent cells in
the presence of 1.5 3 1023 M NaCl at the four growth tem-
peratures used is shown in Fig. 4. The linear coefficients of
correlation between bacterial affinity for ethyl acetate and bac-
terial adhesion to stainless steel were 0.93 and 0.80 for adhe-
sion assays performed in the presence of 1.5 3 1023 and 1.5 3
1021 M NaCl, respectively.

Differences in adherence were not due to a loss of cell
viability during the adhesion experiments, because after 3 h of
incubation at 37, 20, 15, or 8°C in the presence of either 1.5 3
1021 or 1.5 3 1023 M NaCl, the viable cell counts were not
affected (P , 0.05).

The Lifshnitz-van der Waals, electron donor, and electron
acceptor components of the surface free energy of the stainless
steel chips, as determined by contact angle measurements,
were 39, 13, and 0.3 mJ z m22, respectively.

FIG. 1. Electrophoretic mobilities of L. monocytogenes Scott A cells sus-
pended in 1.5 3 1023 M NaCl at pH 2 to 7 after growth at 37°C in BHI, TSYE,
TSYE supplemented with glucose, or TSYE supplemented with lactic acid.

FIG. 2. Electrophoretic mobilities of L. monocytogenes Scott A cells sus-
pended in 1.5 3 1023 M NaCl at pH 2 to 7 after growth at four temperatures in
BHI medium (A) or TSYE (B).
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DISCUSSION

The aim of this study was to investigate the influence of
growth conditions (medium and temperature) on the physico-
chemical surface properties of L. monocytogenes Scott A. Mi-
crobial cell surfaces were found to be hydrophilic when bacte-
ria were grown at 37°C in BHI medium or TSYE. However, the
hydrophilicity decreased when microbial cells were cultivated
in TSYE supplemented with either glucose or lactic acid.
These findings are consistent with results obtained by Mafu et
al. (28), who used the hydrophobic interaction chromatogra-
phy technique and found that the hydrophobicity of L. mono-
cytogenes Scott A increased as the pH decreased.

Furthermore, bacterial cells cultivated in BHI medium and
bacterial cells cultivated in TSYE exhibited the same physico-
chemical differences when they were cultivated at different
temperatures, and cells grown in media supplemented with
glucose or lactic acid exhibited greater affinity with the electron
donor solvent (ethyl acetate), which indicated that more elec-
tron acceptor groups were present on the cell wall. The pres-
ence of bound acidic compounds on the cell walls of the bac-
teria could explain this phenomenon. The low pH of a culture
grown in a glucose-enriched medium in the stationary phase
was undoubtedly related to the metabolism of glucose to lactic
or acetic acid (38).

Under all of the growth conditions studied, L. monocyto-
genes cells had a high negative charge, and the electrophoretic
mobilities at pH 7 were greater than the value (22.07 mm/V/

cm/s) obtained for the same strain by Mafu et al. (27). How-
ever, the storage conditions (4°C), growth medium (Trypticase
soy broth supplemented with 1% yeast extract), and suspend-
ing medium (sodium phosphate buffer) were different in the
study of Mafu et al.

Bacterial charge is attributed to cell wall constituents (36)
(e.g., phosphate, carboxylate groups, and proteins). Progres-
sive reductions in the electrophoretic mobility of cells as the
pH decreases are due to gradual increases in the protonation
of several chemical groups. Our failure to determine the iso-
electric points in the pH range which we used (pH 2 to 7)
indicates that compounds with very low pKa were present on
the cell surfaces. Considering the composition of the L. mono-
cytogenes cell wall (42), the characteristics described above
might be related to the low pKa (pKa , 2.1) of the phosphate
groups in phosphodiester bridges (R-O-HPO2-O-R/R-O-
PO2

2-O-R) of cell wall teichoic acids (37).
The electrophoretic mobility of cells cultivated in either one

of the supplemented media seemed to be less pH dependent,
and the decrease in mobility was more subtle when the pH of
the microbial suspension was reduced below pH 4. Supple-
menting the growth medium with glucose or lactic acid also
reduced the electrophoretic mobility of the bacteria at pH
values above 4 through direct neutralization of the negatively
charged groups present on cell walls linked to a decrease in the
pH of the medium.

The growth temperature had a significant nonlinear effect on
the electrophoretic mobility of L. monocytogenes Scott A cells
grown in either TSYE or BHI medium. In particular, changes
in electrophoretic mobility were observed between 15 and 8°C;
at these temperatures the values decreased dramatically and
were less pH dependent, and almost no changes were observed
after the microbial suspension was acidified. This difference in
activity at low pH values could have been due to differences in
the nature of the negative charge of the cells. The rapid re-
duction in electrophoretic mobility around pH 4 may indicate
that protein- or peptidoglycan-associated COOH/COO2 (4 ,
pKa , 5) was present on the cell walls (37). Hence, cells grown
at 8°C may have had fewer carboxyl groups than cells grown at
the other temperatures. Differences observed at this growth

FIG. 4. Percentage of bacteria bound to ethyl acetate, a solvent used with the
MATS method, versus the number of cells that adhered to stainless steel in the
presence of 1.5 3 1023 M NaCl.

FIG. 3. Principal-component analysis of combined physicochemical proper-
ties (affinity for the solvents used with the MATS method and electrophoretic
mobility of bacteria) of L. monocytogenes Scott A grown at different tempera-
tures in TSYE (F) and BHI medium (h). The first principal component (prin-
cipal component 1) was positively correlated with a high negative charge of
bacterial cells. The second principal component (principal component 2) was
positively correlated with bacterial cell affinity for nonpolar solvents and nega-
tively correlated with cell affinity for ethyl acetate.

TABLE 2. Numbers of adherent L. monocytogenes Scott A cells on
stainless steel chips as determined by adhesion assays performed in
the presence of 1.5 3 1021 or 1.5 3 1023 M NaCl after growth in

TSYE at four different temperaturesa

NaCl concn (M)
Log no. of adherent cells after growth at:

37°C 20°C 15°C 8°C

1.5 3 1021 6.4 6 1.2 5.6 6 0.9 4.1 6 0.8 4.4 6 0.2
1.5 3 1023 5.2 6 1.0 4.9 6 0.9 3.0 6 0.3 3.9 6 0.6

a The values are means 6 standard deviations (n 5 6).
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temperature may also have been related to a glycolipid that
was isolated from L. monocytogenes only after growth at a low
temperature (23).

The high negative charge of bacterial cells at 15 and 20°C
may have been linked to the presence of temperature-depen-
dent production of flagella by L. monocytogenes. Many flagella
were observed on cells grown at 20°C, whereas at 37°C very few
flagella were observed (35). The rich protein (and protein-
associated COOH/COO2) content of flagella could explain the
specific electric properties of cells cultivated at 15 or 20°C. The
differences in physicochemical properties of cells grown in
different media and at different temperatures may also have
reflected the synthesis of acclimation proteins (6) due to acidic
or thermal stresses during bacterial growth, which could have
led to changes in cell wall composition.

Unlike van der Waals and Lewis acid-base interactions, elec-
trostatic interactions are inhibited in a high-ionic-strength sus-
pending liquid. The greatest adhesion of microbial cells in a
high-ionic-strength suspending liquid (1.5 3 1021 M NaCl)
indicated that there was electrostatic repulsion between the
negatively charged bacteria and the stainless steel. These re-
sults are consistent with previously published data which indi-
cated that the isoelectric point of stainless steel was around pH
4 and varied slightly depending on the surface finish and the
cleaning treatments (9). The L. monocytogenes Scott A adhe-
sion data correlated best with cell affinity for ethyl acetate,
which indicates the importance of Lewis acid-base interactions
for cell adhesion to stainless steel. This correlation is consistent
with the physicochemical characteristics of ethyl acetate and
stainless steel, both of which have strong electron donor sur-
face properties and weak electron acceptor characteristics.
Hence, our data suggest that both electrical and Lewis acid-
base interactions are involved in L. monocytogenes Scott A
adhesion to stainless steel. The influence of lactic acid in the
growth medium on the adhesion of L. monocytogenes to stain-
less steel has been described previously (10). Variations in cell
hydrophobicity caused by lactic acid led to significant varia-
tions in the adherent bacteria, implying that van der Waals
interactions play a role in cell adhesion. Therefore, the growth
conditions can influence the various components of microbial
cell surface physicochemical properties (electrostatic, Lewis
acid-base, and van der Waals interactions) and, consequently,
the adhesion of cells to surfaces. Recently, Andersson et al.
found that there is a relationship among Bacillus cereus spore
adhesion to epithelial cells, surface hydrophobicity, and the
virulence of strains (3). Adhesion assays performed with dif-
ferent surfaces that are representative of plants or epithelial
cells and with L. monocytogenes strains whose pathogenicity is
known are needed to improve our understanding of the rela-
tionships between physicochemical properties of microbial
cells and pathogenicity.
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