
Food Control 21 (2010) 573–578
Contents lists available at ScienceDirect

Food Control

journal homepage: www.elsevier .com/locate / foodcont
Adhesion behavior and removability of Escherichia coli on stainless steel surface

Melba Padua Ortega, Tomoaki Hagiwara, Hisahiko Watanabe, Takaharu Sakiyama *

Department of Food Science and Technology, Tokyo University of Marine Science and Technology, 4-5-7 Konan, Minato-ku, Tokyo 108-8477, Japan
a r t i c l e i n f o

Article history:
Received 27 February 2009
Received in revised form 19 August 2009
Accepted 25 August 2009

Keywords:
Microbial adhesion
Stainless steel
Escherichia coli
0956-7135/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.foodcont.2009.08.010

* Corresponding author. Fax: +81 03 5463 0699.
E-mail address: sakiyama@kaiyodai.ac.jp (T. Sakiy
a b s t r a c t

Adhesion behavior of Escherichia coli from its suspension onto stainless steel (type 304) surface was stud-
ied, focusing on the effects of initial cell concentration of suspension, suspending medium, and roughness
of stainless steel surface. The results demonstrated that the adhesion of E. coli was significantly enhanced
by the cell concentration of contaminants. The adhesion was observed even in short contact periods of
time, but it increased and reached a plateau within 3–4 h. The plateau value of surface cell density
was roughly proportional to the cell concentration of the suspension. Rinsing experiments indicated that
a relatively high percentage of cells were found to be irreversibly attached on the surface when peptone
saline was used as a suspending medium. The adherent cells were however shown to be quite vulnerable
to removal with water as a rinsing medium. Moreover surface roughness was found to affect the remov-
ability of adherent cells.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Adhesion of microorganisms to food contact surfaces of pro-
cessing equipment is a major concern from the viewpoints of con-
trolling quality and safety of food products. If cleaning and
sanitation are insufficient, microbial cells on equipment surface
could survive to develop into a biofilm and cause cross-contamina-
tion leading to lowered shelf-life, food spoilage, and transmission
of disease (Allison & Gilbert, 1992; Carpentier & Cerf, 1993; Sharma
& Anand, 2002; Stepanović, Ćircović, Mijač, & Švabić-Vlahović,
2003). Marshall (1992) described biofilm formation as consisting
of four distinct stages: the formation of a conditioning film, bacte-
rial cell adhesion, growth and extracellular polymer production by
the adhering cells, and maturation of the biofilm. The bacterial cell
adhesion stage is generally believed to be reversible, at least ini-
tially, due to weak interactions between bacteria and substrate,
including van der Waals, electrostatic, and hydrophobic interac-
tions (Busscher & Van der Mei, 2006; Chmielewski & Frank,
2003). Subsequently, adhesion of microbial cell turns irreversible
as a result of anchoring by appendages and/or production of extra-
cellular polymers. Thus a comprehensive knowledge on the very
initial stage of microbial adhesion is important to control the bio-
film formation and the risk of microbial cross-contamination.

Among various types of materials used for food contact surfaces
of processing equipment, stainless steel is most widely employed
because of its mechanical strength, corrosion resistance, longevity,
and ease of fabrication (Holah & Thorpe, 1990). So far, several stud-
ies on microbial adhesion to stainless steel surfaces have been con-
ll rights reserved.
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ducted. Earlier reports about microbial adhesion include the
following species: Listeria monocytogenes (Barnes, Lo, Adams, &
Chamberlain, 1999; Helke, Somers, & Wong, 1993; Hilbert, Bag-
ge-Ravn, Kold, & Gram, 2003), Streptococcus thermophillus (Bou-
langé-Petermann, Rault, & Bellon-Fontaine, 1997), Staphylococcus
aureus (Barnes et al., 1999), Staphylococcus marcescens (Barnes
et al., 1999), Pseudomonas sp. (Hilbert et al., 2003), Candida lipoly-
tica (Hilbert et al., 2003). These works, however, are yet to clearly
elucidate influences of different factors governing microbial adhe-
sion. Moreover, they reported at times different tendencies of the
influence for different microbial species. Thus systematic compila-
tion of more adhesion data, especially for different species, is nec-
essary to discuss the effects of various factors comprehensively. In
this context, it is a problem that adhesion behaviors of several
important microbial species have not been fully investigated. For
example, very limited studies on adhesion behavior to stainless
steel surface have been reported for Escherichia coli, which is an
important species for judging hygienic status and contains patho-
genic strains. Barnes et al. (1999) reported that the number of
E. coli attached from its 108 CFU/ml suspension to a stainless steel
(type 304) coupon after 2 h incubation at 20 �C was too small to
asses any effect of experimental variables. In contrast, Ryu, Kim,
Frank, and Beuchat (2004) reported that about 2 � 105 CFU/cm2

of E. coli O157:H7 cells were found adherent on a stainless steel
(type 304) coupon after incubation with 108 CFU/ml suspension
at 4 �C for 24 h. Thus further information on adhesion behavior
of E. coli is desired, preferably under conditions which enable com-
parison with those of other microbial species.

This study aims to provide adhesion data of E. coli from its sus-
pension to stainless steel surfaces. The factors considered in this
study include concentration of the cell suspension, suspending
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medium, and roughness of stainless steel surface. Additionally, the
removability of adhered cells from the stainless steel surfaces with
shear force application was also taken as a subject of this study.
The adhesion behaviors observed for E. coli are discussed in com-
parison with those of Staphylococcus epidermidis observed under
very similar conditions, which has been previously reported by
the authors (Ortega, Hagiwara, Watanabe, & Sakiyama, 2008).
2. Materials and methods

2.1. Microbial strain

E. coli NBRC 3301, maintained as a glycerol stock at �80 �C, was
inoculated in Trypticase soy broth (TSB) (Becton, Dickinson and
Co., Maryland, USA) and grown at 37 �C for 18–20 h. The culture
was then plated on Trypticase soy agar (TSA), which was made
by the addition of 15 g/L agar to TSB. Following incubation at
37 �C for 48 h, the TSA plate was stored at 4 �C and used as a work-
ing stock.

2.2. Stainless steel surfaces

Three types of stainless steel (type 304) plates (50 � 50 �
3 mm) A, B, and C with different degrees of surface roughness
was purchased from Toste (Osaka, Japan). The surface roughness
qualities of the three types of the plate, as expressed in roughness
parameter Ra are listed in Table 1. The values of Ra ranged from
0.04 for type A (the smoothest) to 1.37 for type C (the roughest).
All the stainless steel plates were cleaned by soaking in an alkali
detergent (SCAT 20-X, Dai-ichi Kogyo Seiyaku Co. Ltd., Kyoto, Ja-
pan) for 24 h, rinsed with water, dried in clean ventilated oven at
60 �C for 1 h, and stored in 70% ethanol. They were dried under
UV light in a clean bench just before use in every experimental run.

2.3. Preparation of microbial suspension

For every run of adhesion experiment, E. coli cells from the
working stock were sub-cultured in 5 ml TSB at 37 �C for 18–
20 h. The stationary-phase microbial cells thus obtained were har-
vested by centrifugation at 3500 � g for 10 min and resuspended in
peptone saline (1 g/L peptone and 8.5 g/L NaCl). The resuspended
cells were then serially diluted in peptone saline to achieve the de-
sired initial cell concentration. In some experiments, to study the
effect of suspending medium on adhesion, phosphate buffered sal-
ine (PBS) and physiological saline (0.85% NaCl) were also used in-
stead of peptone saline, with an additional centrifugation–
resuspension procedure before dilution.

2.4. Adhesion experiment

A stainless steel plate was contaminated by soaking in 25 ml of
the microbial suspension at 25 �C. The contaminated stainless steel
plate was withdrawn after a designated period of exposure to the
microbial suspension and rinsed twice with 20 ml of peptone sal-
ine to remove loosely adherent cells. Preliminary tests showed that
further rinsing did not reduce the cells left on the surface (data not
shown). The number of cells on the stainless steel plate was enu-
merated as described in Section 2.5. Change in the cell concentra-
Table 1
Surface roughness of each type of stainless steel plate.

Plate type A B C

Average roughness, Ra (lm) 0.04 0.14 1.37
tion of the microbial suspension during the exposure period was
also monitored by colony counting on TSA.

2.5. Enumeration of microbial cells adherent to stainless steel surface

The microbial cells adherent to a unit area of the stainless steel
surface (surface cell density) was enumerated by swab-vortex
method as follows. The entire surface of the stainless steel plate
was swabbed twice with a sterile cotton swab. The cotton tip
was then cut off and soaked in 1 mL of peptone saline and sub-
jected to vigorous vortex-mixing for 1 min. The cell suspension
thus obtained was adequately diluted if necessary and plated on
TSA. The number of E. coli cells recovered by swabbing (X1) was
determined from colony count on the TSA plate after incubation
at 37 �C for 18–20 h. To confirm the number of E. coli cells still
remaining on the stainless steel plate after swabbing (X2), the plate
was put in contact with TSA for 1 min. The number of colonies that
emerged on the TSA after incubation at 37 �C for 48 h was taken as
X2. The surface density of E. coli cell was calculated from the sum of
X1 and X2. In general, X2 accounted for less than 4% of the sum
(X1 + X2).

2.6. Removability of adherent cells

To study the removability of cells adherent to the stainless steel
surface, the artificially contaminated plates obtained as described
in Section 2.4 were rinsed with shear force application using either
sterile distilled water or peptone saline solution as a rinsing med-
ium. A 2-L capacity stainless steel vessel (135 mm in diameter,
145 mm in height) containing 1 L of a rinsing medium was placed
in a water bath kept at 25 �C. The contaminated plate and a 3-blade
impeller were placed in the rinsing medium such that the distance
between the plate and the center of impeller was 45 mm. After the
rinsing medium was stirred at 2000 rpm for a designated period of
time, the number of cells remaining on the plate surface was enu-
merated as described in Section 2.5.

2.7. Data analysis

All experiments were done in triplicate. Values of the surface
cell density in CFU/cm2 were converted to log10 values for statisti-
cal analysis by Student’s t-test or analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparison test. Statistical significance
was set at P-value less than 0.05.
3. Results

3.1. Adhesion as affected by initial concentration of cell suspension

Fig. 1 shows adhesion courses of E. coli cells suspended in pep-
tone saline onto type A stainless steel surface (Ra = 0.04 lm) at
25 �C. Suspensions with the initial cell concentration of approxi-
mately 102, 103, and 104 CFU/ml were employed to simulate low
to medium degrees of microbial contamination. For each microbial
suspension tested, adhesion onto the stainless steel surface oc-
curred at a low level within 0.5 h of exposure to the cell suspen-
sion. Surface cell density attained a plateau value and remained
approximately constant after 3–4 h of exposure for all the test con-
centrations, though adhesion seemed to become slightly slower
with decrease in the cell concentration of suspension. Results also
showed that the cell concentration of suspension remained
approximately constant during 6 h for each experimental run, indi-
cating that no distinct growth of initially inoculated cells occurred
under the conditions tested. Thus, the increase in surface cell den-
sity observed within 3–4 h of exposure can be ascribed to adhesion
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Fig. 1. Viable cell numbers of E. coli in suspension (s) (log CFU/ml) and on type A
stainless steel plate (d) (log CFU/cm2) at varying levels of initial cell suspension
concentration: (a) 104 CFU/ml, (b) 103 CFU/ml, and (c) 102 CFU/ml. Each value is a
mean of three tests in duplicate.
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and not to growth. The plateau value of surface cell density was
roughly proportional to the suspension concentration, and the final
number of cells adherent to the surface was about 2–6% of the cell
number in the corresponding suspension.

3.2. Adhesion as affected by suspending medium

Fig. 2 compares adhesion behaviors of E. coli cells suspended in
peptone saline, PBS, and physiological saline. The microbial suspen-
sions were put in contact with type A stainless steel plates
(Ra = 0.04 lm) at 25 �C for 3 h. The levels of adhesion of cells sus-
pended in PBS and physiological saline were shown to be slightly
lower compared to that in peptone saline, particularly in higher con-
centration of cell suspensions (103–104 CFU/ml). However, except
for 103 CFU/ml suspension, statistical significance (P < 0.05) was
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Fig. 2. Comparison of surface cell densities of E. coli on type A stainless steel plate from ce
for 3 h to cells suspended in peptone saline (PS), phosphate buffered saline (PBS), or ph
not found among the three types of suspending medium. This sug-
gests that the presence of organic components has only a very weak
influence on the adhesion of E. coli onto stainless steel surface.

3.3. Removability of adherent cells

Removability of the cells adherent to type A stainless steel sur-
face (Ra = 0.04 lm) was studied under shear force application by
whirlpool rinsing. The stainless steel surface was preliminarily con-
taminated by soaking in 104 CFU/ml microbial suspension in pep-
tone saline at 25 �C for 3 h. Fig. 3 shows the surface cell density of
E. coli remaining on the surface after whirlpool rinsing for 0–
15 min. The rinsing medium was either peptone saline solution
(with the same composition as the suspending medium used for
preliminary contamination) or distilled water. When peptone saline
was used as the rinsing medium, the surface cell density decreased
gradually with rinsing time, and was reduced to 35% of the initial
surface cell density after 15 min of rinsing. In contrast, upon whirl-
pool rinsing with water only for 5 min, the number of viable cells
remaining on the surface was significantly reduced to 5% of the ini-
tial surface cell density. Further rinsing with water up to 15 min
slightly decreased the number of remaining cells. The difference
in the surface cell density between the two cases was proven statis-
tically significant (P < 0.05) at every rinsing time except 0 min. Via-
bility tests for E. coli cells suspended in distilled water showed no
lethal effect of its low osmotic pressure on the microbial cells within
15 min (data not shown). This suggested that the significant reduc-
tion of surface cell density by whirlpool water rinsing was not due
to lethal effect of low osmotic pressure of water.

3.4. Adhesion and removability as affected by surface roughness

Fig. 4 compares the surface densities of E. coli cell adherent to
stainless steel surfaces with varying surface roughness
(Ra = 0.04–1.37 lm) before and after whirlpool water rinsing for
15 min. Statistical analyses indicated no significant difference in
cell adhesion on all types of stainless steel surfaces tested. After
whirlpool water rinsing, however, surface cell density was signifi-
cantly higher on the stainless steel plate of type C (Ra = 1.37 lm)
than on the plates of type A and type B (Ra 6 0.14 lm). Thus the
roughness of stainless steel surface affected the removability of
adherent E. coli cell though the removal reached 95–99% of adher-
ent cells in all whirlpool rinsing experiments.
4. Discussion

Microbial adhesion to stainless steel surface is probably gov-
erned by various physical, chemical, and biochemical factors. The
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an index of removability of adherent E. coli cells. Artificially contaminated stainless
steel plates were rinsed with shear force application (2000 rpm) using peptone
saline or water for 0–15 min. Each value is a mean of three tests in duplicate.
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varying surface roughness before and after whirlpool water rinsing (2000 rpm,
15 min). Each value is a mean of three tests in duplicate.
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focus of this study is on cell suspension concentration, suspending
medium, and surface roughness.

Course data of bacterial adhesion over a period of time have
scarcely been reported in literature, though adhesion data of sev-
eral microbial species at a fixed period of time from 5 s to 2 h of
exposure to various surfaces are available (Chmielewski & Frank,
2003; Gilbert, Evans, Duguid, & Brown, 1991; Hood & Zottola,
1997; Mafu, Roy, Goulet, & Magny, 1990; Wong, Chung, & Yu,
2002). In our previous work, the authors showed that the adhesion
of S. epidermidis to stainless steel surface took approximately 3 h of
exposure to cell suspension to reach a plateau of surface cell den-
sity (Ortega et al., 2008). The present study similarly showed that
adhesion of E. coli to stainless steel surface also took 3–4 h of expo-
sure to reach a plateau of surface cell density (Fig. 1). Although
mechanism of the increase in surface cell density in the initial 3–
4 h period is not clear at present, such period of time may be re-
quired for the cells to make their attachment firm enough to with-
stand the mild rinsing employed in the enumeration procedure of
surface cell density. It seemed that E. coli took a slightly longer
time to reach the plateau adhesion than S. epidermidis. This might
be related to difference in mobility between the microbial species
as affected by the presence or absence of cellular appendages such
as flagella.

The surface cell density at plateau adhesion was roughly pro-
portional to the cell concentration of suspension. Such result of
concentration dependence may often suggest reversible adhesion.
However, only about 65% of the adherent cells from suspension
in peptone saline were detached from the surface by 15-min
whirlpool rinsing with peptone saline as the rinsing medium
(Fig. 3). This result indicated that some portion of the cells from
the suspension already irreversibly adhered to the stainless steel
surface despite the lack of visible evidence of exopolysaccharide
substance production on the surface. This was also the case for S.
epidermidis, though reversibility of adhesion of S. epidermidis
seemed slightly higher than that of E. coli since the percentage of
detached cells by whirlpool rinsing was about 87% for S. epidermi-
dis (Ortega et al., 2008). This may be related to different roles of
exopolysaccharides in biofilm formation reported for the two spe-
cies. Danese, Pratt, and Kolter (2000) has shown that colanic acid,
an exopolysaccharide of E. coil K-12, is required not for initial
attachment to an abiotic surface but rather for establishing the
complex three-dimensional structure of an E. coli biofilm. In con-
trast, initial attachment of S. epidermidis requires production of
capsular polysaccharide/adhesin (McKenney et al., 1998).

As for the influence of suspending medium on the adhesion of
E. coli onto stainless steel surface, the presence of organic compo-
nents was suggested to have only a very weak influence, if any
(Fig. 2). In contrast, our previous work (Ortega et al., 2008) showed
that the adhesion of S. epidermidis was significantly enhanced with
peptone saline as the suspending medium relative to the cases
with PBS and physiological saline. Thus, the influence of organic
components on bacterial cell adhesion is concluded to be spe-
cies-dependent.

It is generally supposed that, when microorganisms and sub-
strate surface are in aqueous environment containing organic mol-
ecules, the surface may first become covered with a layer of the
organic molecules prior to adhesion of microorganisms (Bos, Van
der Mei, & Busscher, 1999). Adhesion of organic molecules to sub-
strate surface can occur within seconds of exposure to an aqueous
environment (Chmielewski & Frank, 2003). Based on this well-ac-
cepted assumption, the interaction between organic molecules
on the surface and microbial cells is a key to determine the effect
on the microbial adhesion. So far several studies have reported
the effects of suspending media and/or surface pre-conditioning
on microbial adhesion to stainless steel surface. Their results in-
clude both enhancing and suppressing effects. Helke et al. (1993)
reported lower numbers of L. monocytogenes and Salmonella
typhimurium adherent to stainless steel surface when cells were
suspended in whole milk, skim milk, or diluted milk compared to
PBS. Barnes et al. (1999) also found reduced adhesion of S. aureus,
L. monocytogenes, and Serratia marcescens to stainless steel coupons
pre-treated with skim milk. On the other hand, the use of lactose
and non-casein protein solutions as a suspending medium was re-
ported to increase the adhesion of Moraxella-like sp. and Pseudo-
monas spp. onto stainless steel surfaces compared to cells
suspended in quarter strength Ringer’s solution (Speers & Gilmour,
1985). Flint, Palmer, Bloemen, Brooks, and Crawford (2001) found
that milk-fouled surfaces attracted 10–100 times more vegetative
cells and spores of Bacillus stearothermophilus compared to clean
stainless steel surface. To comprehensively discuss the results
mentioned above, compatibility between pre-conditioning organic
molecule and bacterial cell surface will be a key concept. Physico-
chemical properties of bacterial cell surfaces vary with species
(Chmielewski & Frank, 2003), and such variability in turn affects
the compatibility with the pre-conditioning organic molecules.
Furthermore, the compatibility depends also on the type of pre-
conditioning organic molecules (McEldowney & Fletcher, 1987).
Therefore, further compilation and systematic analysis of adhesion
data for microbial species with specified organic components are
needed for better understanding of the effect of organic molecules.

Removability of adherent E. coli cells was shown to vary
depending on the type of rinsing medium (Fig. 3). After 15-min
whirlpool rinsing, the surface cell density showed a decrease of
around 65% with peptone saline solution as a rinsing medium,
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whereas a greater decrease (99%) was shown with water. The sig-
nificantly higher removability with water may be attributed to the
inherent cell surface characteristics of E. coli. Based on results of
hydrophobic interaction chromatography, E. coli is considered to
be a highly hydrophilic microorganism (Gilbert et al., 1991; Strev-
ett & Chen, 2003), which could then be expected to have higher
affinity with water compared with peptone saline as rinsing med-
ium. In the case of S. epidermidis as previously reported (Ortega
et al., 2008), no significant difference in removability was observed
between peptone saline solution and water used as a rinsing med-
ium. Such different trends in adhesion and removal of the two spe-
cies suggest the importance of studies on the strength of
interaction between microbial cells and stainless steel surface with
or without pre-conditioning by organic substances.

As shown in Fig. 4, adhesion of E. coli cells was not significantly
influenced by the roughness of the stainless steel surface, while
their retention through the whirlpool rinsing was significantly
higher for the roughest surface of stainless steel (Ra = 1.37 lm).
The adhesion was evaluated after mild rinsing with peptone saline
for a short period, whereas the retention was evaluated after shear
force application (2000 rpm) in water for 15 min. Thus the differ-
ent retention trends indicate different firmness of adhesion and/
or different resistance against shear force applied. Although the
retention was at a relatively low level, percentage of E. coli cells
adherent firmly to the surface was slightly but significantly higher
on the rough surface (Ra = 1.37 lm) than on smoother surface
(Ra 6 0.14 lm). From a hygienic point of view, this indicates supe-
riority of smooth surface. As far as the results obtained in this
study, Ra value of 0.14 lm seems sufficient for the lowest level of
microbial retention under shear force application. The high reten-
tion of E. coli cells after whirlpool water rinsing may be attributed
to possible entrapment of microbial cells in crevices of the surface,
because deep crevices or polish lines can provide refuge to the
adherent cells from shear force. Microorganisms concealed in the
cracks and crevices of the substrate surface may not be efficiently
removed during cleaning and disinfecting treatments and could
potentially be a source of cross-contamination of food products
during processing (Hilbert et al., 2003).

As for the effect of roughness of stainless steel surface to micro-
bial adhesion or removal, opposing observations have been re-
ported in literature. Hilbert et al. (2003) reported that surface
roughness did not significantly affect the attachment to and re-
moval from stainless steel surface in the range of Ra value from
0.01 to 0.9 lm for Pseudomonas sp., L. monocytogenes, and C. lipoly-
tica. Boulangé-Petermann et al. (1997) found no clear relationship
between the roughness parameter and the number of viable S. ther-
mophillus adherent to the surface for stainless steel surfaces having
Ra values between 0.015 and 1.04 lm. Flint, Brooks, and Bremer
(2000) also showed that the adhesion of thermo-resistant strepto-
cocci was almost independent from surface roughness (Ra = 0.5–
3.3 lm). On the other hand, Barnes et al. (1999) observed greater
number of adherent S. aureus on 2B stainless finish (Ra = 0.412 lm)
compared to the No. 8 mirror finish (Ra = 0.035 lm). Our previous
work (Ortega et al., 2008) also showed increased adhesion and de-
creased removability of S. epidermidis for a rough stainless steel
surface (Ra = 1.37 lm) compared with smoother surface
(Ra 6 0.14 lm). Furthermore, earlier works by Leclercq-Perlat and
Lalande (1994) and by Wirtanen, Ahola, and Mattila-Sandholm
(1995) demonstrated a positive correlation between cleanability
and increased surface smoothness in the removal of biofilms. The
effect of surface roughness might depend on the microbial species,
possibly due to difference in adhesion manner and/or cell surface
characteristics.

In conclusion, this work has demonstrated that adhesion of
E. coli from its suspension to stainless steel surface was signifi-
cantly enhanced by the cell concentration of contaminants. The
adhesion was observed even in short contact periods of time but
it increased and reached a plateau within 3–4 h. A relatively high
percentage of E. coli cells were found to be irreversibly attached
on the surface. The adherent cells were however shown to be quite
vulnerable to removal with water as a rinsing medium. Moreover
surface roughness was found to affect the removability of adherent
cells. This study provides valuable information for better under-
standing of the adhesion behavior of E. coli on stainless steel sur-
face, though further study is necessary to fully elucidate the
mechanism of adhesion.
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Stepanović, S., Ćircović, I., Mijač, V., & Švabić-Vlahović, M. (2003). Influence of the
incubation temperature, atmosphere and dynamic conditions on biofilm
formation by Salmonella spp. Food Microbiology, 20, 339–343.
Strevett, K. A., & Chen, G. (2003). Microbial surface thermodynamics and
applications. Research in Microbiology, 154, 329–335.

Wirtanen, G., Ahola, H., & Mattila-Sandholm, T. (1995). Evaluation of cleaning
procedures in elimination of biofilm from stainless steel surfaces in open
process equipment. Transactions of the Institution of Chemical Engineering, 73C,
1–9.

Wong, H. C., Chung, Y. C., & Yu, J. A. (2002). Attachment and inactivation of Vibrio
parahaemolyticus on stainless steel and glass surface. Food Microbiology, 19,
341–350.


	Adhesion behavior and removability of Escherichia coli on stainless steel surface
	Introduction
	Materials and methods
	Microbial strain
	Stainless steel surfaces
	Preparation of microbial suspension
	Adhesion experiment
	Enumeration of microbial cells adherent to stainless steel surface
	Removability of adherent cells
	Data analysis

	Results
	Adhesion as affected by initial concentration of cell suspension
	Adhesion as affected by suspending medium
	Removability of adherent cells
	Adhesion and removability as affected by surface roughness

	Discussion
	Acknowledgements
	References


