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Bacterial cell attachment, the beginning of a biofilm
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Abstract The ability of bacteria to attach to surfaces and
develop into a biofilm has been of considerable interest to
many groups in numerous industries, including the medical
and food industry. However, little is understood in the
critical initial step seen in all biofilm development, the
initial bacterial cell attachment to a surface. This initial
attachment is critical for the formation of a bacterial bio-
film, as all other cells within a biofilm structure rely on the
interaction between surface and bacterial cell for their
survival. This review examines what are believed to be
some of the most important aspects involved in bacterial
attachment to a surface.

Introduction

Many bacteria have been shown to exist predominantly
attached to surfaces in contact with liquids [25]. The
advantage gained by the bacteria in living attached to a
surface are thought to include higher concentration of
nutrients close to a surface, promoted genetic exchange
and, for a pathogen, increased protection from the host’s
immune system [27]. In certain industrial situations, bac-
terial cell attachment to metallic surfaces may result in
biocorrosion, resulting in the damage to pipelines and other
important metallic surfaces and costing millions of dollars
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in repairs [6]. The dominating factor involved in the initial
attachment of a bacterial cell to a surface has remained
elusive and today it is thought that a multitude of factors
are involved, including surface conditioning, mass trans-
port, surface charge, hydrophobicity, surface roughness
and surface micro-topography.

Conditioning of a surface

During the first stage, molecules present in the bulk flow,
both organic and inorganic are carried toward the surface
either by diffusion or turbulent flow. This accumulation of
molecules at the solid-liquid interface on surfaces found in
many food industries is commonly called a conditioning
film and leads to a higher concentration of nutrients at the
surface compared with the liquid phase [59].

The adsorption of organic molecules such as proteins to
surfaces could play an important role in bacterial attach-
ment, as this conditioning of the surface may alter the
physical-chemical properties of the surface. Factors af-
fected can include surface free energy, hydrophobicity and
electrostatic charges [26].

Conflicting opinions exist on the importance of a con-
ditioning film in initial bacterial attachment, with Fletcher
[31] reporting that the presence of proteins such as albu-
min, gelatin and fibrinogen inhibited attachment of a
marine Pseudomonas to polystyrene. Parkar et al. [78]
demonstrated that the presence of skim milk on a surface of
stainless steel, even at concentrations as low as 1%, re-
duced the attachment of spores and vegetative cells of
thermophilic bacilli. Skim milk was also found to reduce
the attachment of S. aureus, Listeria monocytogenes and
Serratia marcescens to stainless steel [5]. Even individual
milk components such as casein and f-lacto globulin were
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reported by Helke et al. [41] to reduce attachment of
L. monocytogenes and Salmonella typhimurium to stainless
steel. One reason for the reduced attachment reported
above may be that the proteins in the bulk fluid phase may
act as competition for binding sites on the surface of the
stainless steel, reducing the ability of bacteria to attach.
However, Speer and Gilmour [99] reported that stainless
steel and rubber surfaces treated with either whey proteins
or lactose demonstrated an increase in attachment of milk-
associated micro-organisms. Holah and Gibson [45]
claimed that Johal [51] observed a reduction in the surface
charge of stainless steel after conditioning of the stainless
steel in meat juices and suggested that this was “enhancing
the potential accumulation of bacteria on the surfaces”.
Also Jeong and Frank [50] suggested that the presence of
proteins on a surface favours biofilm formation, as attached
proteins could be a source of nutrients for bacteria. More
recently, Verran and Whitehead [120] reported that the
presence of proteinaceous material such as bovine serum
albumin (BSA) on an inert surface retained bacterial cells
at a higher rate, during a cleaning cycle, than cells on a
clean surface. The shearing off of bacterial cells from a
surface may result in bacterial footprints or bacterial sur-
face polymers remaining behind on the surface and this
may also play a role in further bacterial cell attachment.
The conflicting observations reported on the importance of
a conditioning film on bacteria attachment may be the re-
sult of different laboratory conditions, different bacterial
strains, surfaces and differing organic molecules used to
create a conditioning film.

The presence of primary colonisers that allow different
species of oral bacteria to adhere to teeth has been observed
for many years in the dental industry and is commonly
called co-aggregation [123]. Sasahara and Zottola [94]
reported co-aggregation between two species of bacteria
not usually associated with the oral cavity (L. monocyt-
ogenes and Pseudomonas fragi) on a glass surface. In pure
culture form, L. monocytogenes showed sparse adherence
to a glass surface; however, when grown with Pseudomo-
nas fragi, significant adherence of L. monocytogenes was
observed. They concluded that Pseudomonas fragi was the
primary coloniser and the exopolysaccharide produced by
the Pseudomonas fragi was responsible for the observed
increase in L. monocytogenes adherence. Corpe [21] also
reported that Caulobacter spp. appeared to attach to glass
surfaces at a higher rate in the presence of Pseudomonas
spp. than in their absence. It seems logical to think that co-
aggregation must also occur in many different environ-
ments outside the oral cavity of humans and may have an
important role to play in the attachment of bacteria to
surfaces in the food industry and in other medical or
environmental areas. Interestingly, Trachoo and Brooks
[106] demonstrated that Campylobacter can co-aggregate
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with Enterococcus to form biofilms and these were found
extensively in the poultry industry in Thailand.

Mass transport

Mechanisms by which bacteria are transported to a surface
can include Brownian motion, sedimentation due to dif-
ferences in specific gravity between the bacteria and the
bulk liquid, or convective mass transport, by which cells
are physically transported towards the surface by the
movement of the bulk fluid. Yang et al. [125] demonstrated
that the convective mass transport towards a substratum
surface can occur in a stainless steel pipe. This convective
mass transport produces a higher cell attachment rate in the
presence of a T-junction than when the convective mass
transport is parallel to a substratum, or in this case a
stainless steel surface. This suggests that convective mass
transport towards a surface may help facilitate the close
approach of bacteria to a surface and thus play a role in
initial bacterial attachment. The convective mass transport
results reported by Yang et al. [125] also reinforce the
importance of plant design in controlling microbial con-
tamination, growth and ease of cleaning. In turbulent flow,
the creation of multiple, small turbulent eddies may drive
small particles including bacterial cells towards surfaces
which may in turn override the Gibbs energy barrier re-
quired by bacteria to come into contact with a surface. The
Gibbs energy barrier is the sum of the van der Waals
interactions, commonly attractive and electrostatic inter-
actions, usually negative, due to both bacteria and sub-
stratum surfaces being negatively charged [109]. Balancing
this increase in contact of bacteria with the substratum is
the reduced thickness of the boundary layer, which would
allow increased scouring and thus reduce the time available
for bacteria to interact with the surface.

Davies [25] reported that active transport, mediated by
bacterial flagella activity and chemotaxis, has been con-
sidered an important mechanism enabling bacteria to
interact with a surface. However, using E. coli and inser-
tion mutagenesis to disrupt flagella operons and the che
operon, responsible for chemotaxis, Pratt and Kolter [86]
demonstrated that motility is important for initial interac-
tion with an abiotic surface, but chemotaxis played no part
in bacterial attachment and was described by the authors as
dispensable in initial biofilm formation in E. coli. Con-
versely, Klausen et al. [57] reported that the flagella of
Pseudomonas aeruginosa were not a necessary factor in the
initial attachment of this organism to a solid surface, but
played a role in biofilm development. Of interest also is a
report by O’Toole and Kolter [75] detailing that mutant
non-flagellated cells of Pseudomonas fluorescens were
defective in attachment to several inert surfaces, compared
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to non-mutant flagella producing cells. However, a change
in the medium, with citrate instead of glucose as a carbon
source, reinstated the cells attachment ability, suggesting
the environmental conditions in which the cells exist may
have an effect on attachment. Recent research has tended to
focus on characterization of important factors involved in
all aspects of biofilm formation from initial attachment to
biofilm maturation. A common theme reported in biofilm
deficient mutants is the disruption of the genes involved in
flagella synthesis [69, 75, 86, 96]. However, the methods
employed to isolate biofilm deficient mutants are often not
very suitable for the isolation of mutants carrying muta-
tions solely in the initial attachment phase. The involve-
ment of flagella in initial attachment of bacteria to abiotic
surfaces is still not well understood, but this may be a
reflection on different laboratory conditions, different
bacterial strains and surfaces employed.

Attachment

There are two generally accepted theories on the attach-
ment of bacteria to solid surfaces. The first of these theories
has a two-step process [59, 65]. The first step involves the
bacteria being transported close enough to allow initial
attachment to take place, with the forces involved in this
initial attachment being van der Waals forces, electrostatic
forces and hydrophobic interactions [16, 36, 115]. During
this initial contact bacteria still show Brownian motion and
can be easily removed by fluid shear forces, e.g. rinsing
[65]. The next crucial step in the attachment process is the
irreversible attachment of cells to the surface, described by
Dunne [30] as bacteria locking on to the surface by the
production of exo-polysaccharides and or specific ligands,
such as pili or fimbriae that may complex with the surface.
At the end of this stage much stronger physical or chemical
forces are required to remove the bacteria from the surface,
e.g. scraping, scrubbing or chemical cleaners.

In the transition from reversible attachment to irrevers-
ible attachment, various short range forces are involved,
including covalent and hydrogen bonding as well as
hydrophobic interactions [59]. Poortinga et al. [84] ex-
panded on the idea of covalent bonding in bacterial
attachment and suggested that bacteria either donated
electrons to, or accepted electrons from the substratum.
Whatever the electron transfer, these results suggest that
electron transfer between cell surface and the substratum
plays an important role in bacterial attachment to inorganic
and presumably to organic surfaces too.

The three-step model proposed by Busscher and Weerk-
amp [14] involves Lifshitz—van der Waals forces operating
over several hundred nanometers (nm) as a first step. The
second operates over distances of about 20 nm involving
Lifshitz—van der Waals forces and electrostatic interactions.

The third step occurs at distances of around 5 nm, where
specific adhesion receptors may facilitate strong adhesion.

The transition time from reversible to irreversible
attachment has been an area of comparatively little work in
the past. However, Meinder et al. [66] demonstrated that
over a time as short as ten minutes, attachment of thermo-
philic Streptococcus became 100 times less reversible.
Flint et al. [32] found that cultures of Streptococcus ther-
mophilus and Bacillus cereus attached to stainless steel in
less than 60 s and subsequent washing with distilled water
proved ineffective in removing attached cells. Schwab et al.
[95] noted that numbers of L. monocytogenes attached to
stainless steel were essentially the same either after 5 min or
24 h incubation. Butler et al. [15] reported similar findings
with meat surfaces, noting considerable attachment of bac-
terial cells taking place in the first minute of contact, though
small increases were also seen over time. Vadillo-Rodriguez
et al. [108] used atomic force microscopy (AFM) to measure
the forces required to move away the AFM tip from the
surface of Streptococcus thermophilus after the AFM tip
had been in contact with the cell surface from anywhere
between 1 and 200 s. An increasing amount of force was
required to remove the AFM tip from the cell surface over
time, which corroborates earlier work mentioned above,
suggesting the bond strength increases between cell surface
and substratum over a relatively short period of time.

Surface charge

Bacterial cells generally have a net negative charge on their
cell wall at neutral pH [92]. However, the magnitude of the
charge varies from species to species and is probably
influenced by cultural conditions [36, 56] age of the culture
[122] ionic strength [24] and pH [47]. The charge on the
cell surface is often determined as its zeta-potential, which
is calculated from the mobility of the bacterial cell in the
presence of an electrical field under defined salt concen-
tration and pH. Most bacteria have a negative zeta potential
at physiological pH (pH 7) [36, 61, 68], however, Jucker
et al. [53] isolated a bacterial strain of Stenotrophomonas
(Xanthomonas) maltophilia, with a positive zeta potential
at physiological pH. This was compared with a strain of
Pseudomonas putida with a negative zeta potential at
physiological pH. The S. maltophilia demonstrated high
attachment efficiency to glass and Teflon, both of which
have a negative surface charge. But as the ionic strength of
the suspending medium was increased, a drop in attach-
ment efficiency of S. maltophilia was noted as well as a
change to a negative zeta potential, suggesting the impor-
tance of surface charge in attachment of S. maltophilia to
glass and Teflon. Conversely, at high ionic strength the
negatively charged P. putida demonstrated higher attach-
ment efficiency and a decreasing (move towards zero) zeta
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potential, suggesting high ionic strength suppresses or
overwhelms the natural surface charge of bacteria. Mafu
et al. [64] also concluded that high ionic strengths sup-
pressed electrostatic interactions between L. monocytoge-
nes and various inert surfaces. Furthermore, Giaouris et al.
[35] reported that higher sodium chloride concentrations
(10.5%) inhibited the adherence of Salmonella enterica to
stainless steel coupons. One explanation for the above
observations mentioned by Jucker et al. [53] and Van der
Wal et al. [113] is that the bacterial cell surface charge
originates from the dissociation of acidic groups such as
carboxyl, phosphate and amino groups as well as basic
groups found on the cell surface. Consequently, the zeta
potential of the bacterial cell strongly depends upon the
ionic strength of the suspending medium and the higher the
ionic strength the more ions are available to shield and thus
neutralise the charge of the cell surface. Electrostatic
interaction chromatography (ESIC) has been used by sev-
eral groups in the past to measure the overall surface
charge of bacteria [26, 32, 52, 71, 83, 107]. The relative
surface charge of cells is assessed by the affinity of cells for
either the anionic or cationic resins. The ESIC method
usually involves passing a culture through an anionic or
cationic column and comparing the relative retention to
elution ratio of bacterial cells. The ESIC method assesses
most bacteria as possessing a net negative charge, in line
with most zeta potential measurements. Jones et al. [52]
noted that some isolates of S. epidermidis exhibited a high
interaction with both anionic and cationic exchange resins.
They suggested there were localised regions of positively
charged (cationic) molecules on the bacterial cells surface,
but over the whole cell surface, negatively charged (anio-
nic) molecules outnumbered the cationic molecules,
resulting in the cell having net negative charge.

Surface charge can also be influenced by the pH of the
suspending medium as reported by Husmark and Ronner
[47]. They demonstrated a maximum level of attachment of
Bacillus cereus spores to surfaces when the pH of the
suspending medium was equal to the isoelectric point of
the Bacillus spores, in this case pH 3. In the pH range
above the isoelectric point (above pH 4) the observed de-
crease in spore attachment was thought to result from
electrostatic repulsion between the spore surface and the
substratum, because both surfaces had a negative charge.

Other groups to have reported positive correlations be-
tween cell surface charge and attachment include, Ukuku
and Fett [107], Dickson and Koohmaraie [26] and Van
Loosdrecht et al. [115]. On the other hand, Flint et al. [32]
compared 12 strains of thermophilic Streptococci and their
attachment to stainless steel with respect to their surface
charge, measured by separation through anionic and cat-
ionic exchange resins. They were unable to divine any
relationship between numbers of cells attaching to stainless
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steel and cell surface charge. As commented by Flint et al.
[32], at pH 7 all the thermophilic Streptococci cells dis-
played a negative surface charge and this is likely to repel
the bacterial cell from surfaces such as stainless steel,
owing to the inherent negative surface charge of stainless
steels. Gilbert et al. [36] noted that increasing negative
charge on the surface of E. coli resulted in reduced
attachment, but no such correlation could be drawn for S.
aureus, demonstrating that attachment cannot solely be
explained by surface charge, but may be one of the con-
tributing factors to bacterial attachment. Narendran [72]
also reported that bacterial attachment to meat surfaces
could not be explained by the bacterial surface charge
alone and suggested that bacterial attachment is very
complex with many bacterial surface characteristics in-
volved. The surface of the meat is also more complex than
that of relatively inert surfaces, such as stainless steel.

The surface charge of inert surfaces to which bacteria can
attach is also highly likely to play an important role in
bacterial attachment. Fukuzaki et al. [34] reported that the
zeta potential of stainless steel particles at pH 7 was weakly
negative, with the stainless steel having an isoelectric point
between pH 4.0 and 4.5. Bren et al. [9] proposed that hy-
droxyl groups of surface oxides can interact with H" and
OH™ groups according to the following reaction,

MeOH; Hr Meon M Meo 4+ 1+ (Me = metal)

The ratio of metals that are protonated (positively
charged groups), neutral or dissociated (negatively charged
groups) is obviously very dependent upon the pH of the
overlying medium. Thus in low pH medium the dominant
group would be MeOH; but at neutral or higher pH values
MeOH or MeO™ groups may dominate. Different metals
may also have slightly different pKa and pKb values, so
thus different ratios of metal oxides at the surface may
produce metal surfaces with varying surface charges at the
same pH value. A possible example of this may have been
reported by Takehara and Fukuzaki [101], when they ob-
served that stainless steel treated with HNO;, ozone and
300°C heat treatment contained different ratios of Chro-
mium and Iron oxides at the surface. The different treated
stainless steel surfaces also demonstrated different relative
adsorption curves for H" and OH™ titrations, suggesting
that the surface treatment may also play an important role
in the surface charge of stainless steel and in turn have a
role to play in the attachment of bacteria.

Hydrophobicity

Hydrophobic interactions have widely been suggested as
being responsible for much of the adherence of cells to
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surfaces, Hood and Zottola [46]. Hydrophobicity is an
interfacial phenomenon. It is very difficult to evaluate the
results of most adhesion tests solely on the basis of
hydrophobicity, since so many parameters are involved in
interfacial systems of interest [28]. Although the hydro-
phobic effect has been known for some time, it has been
difficult to assign to it a satisfying definition [29]. Put
simply, a hydrophobic molecule would rather exist in an-
other hydrophobic environment than in a hydrophilic
environment, such as water. Husmark and Ronner [48]
demonstrated that bacterial spores generally attach at a
higher rate than vegetative cells to surfaces. They attrib-
uted this observation to the higher hydrophobicity of spores
and the hair like structures covering the surface of the
spores. Zita and Hermansson [126] correlated cell surface
hydrophobicity of E. coli strains to the attachment to
activated sludge flocs found in the treatment of waste
water, suggesting that cell surface hydrophobicity may play
an important role in the attachment of E. coli. Hydropho-
bicity of a cell surface is not only the domain of bacteria,
but has also been attributed to the adhesion of Cryptos-
poridium parvum and Giardia lamblia to solid surfaces
[23] and in the attachment of yeast to stainless steel sur-
faces in the apple processing industry [11]. Davies [25]
concluded that differences in surface hydrophobicity of
different bacterial cells result from the properties conferred
upon the cell surface by molecules such as proteins and
lipids. Evidence that hydrophobicity of cells may be related
to protein structures on the cell surface does exist. Paul and
Jeffrey [80] noted that treatment of cells with proteolytic
enzymes decreased the hydrophobicity of Vibrio proteol-
ytica and this in turn reduced the adherence to hydrophobic
surfaces such as polystyrene. Oakley et al. [74] reported
that Streptococcus sanguis cells treated with trypsin dem-
onstrated reduced adhesion to hexadecane (a highly
hydrophobic organic liquid), presumably because hydro-
phobic proteins were removed from the cell surface. X-ray
photoelectron spectroscopy (XPS) analyses of bacterial
surfaces by Reid et al. [89] and Millsap et al. [68] found
that bacterial strains with high hydrophobicity ratings also
tended to have a higher nitrogen/carbon ratio. Conversely
cells with a higher hydrophilic rating tended to have higher
oxygen/carbon ratio. These results tend to indicate that the
presence of proteinaceous material at the cell surface in-
creases the hydrophobicity of the cell surface. Walker et al.
[122] also suggested differences that they reported in the
surface hydrophobicities of 3 and 18 h cultures of E. coli
are related to the surface proteins, specifically a decrease in
hydrophilic (acidic) proteins present on the cell surface.
The role of lipopolysaccharide (LPS) in attachment to solid
surfaces remains confused [12, 87, 88] but evidence is
mounting that the presence of LPS on a cells surface tends
to make a bacterial cell more hydrophilic in nature and that

the loss of LPS from a cell surface results in the cell sur-
face becoming more hydrophobic in nature [2, 70, 76]
Interestingly, Kannenberg and Carlson [55] reported that a
reduction in oxygen levels of the medium induced struc-
tural modifications in the LPS of the bacterium Rhizobium,
resulting in an increase in surface hydrophobicity of the
cell. This tends to indicate that the bacterial cell is quite
capable of sensing changes in its external environment and
in turn changing a major cell surface characteristic such as
surface hydrophobicity.

Much debate has existed as to which is the best method
to measure bacterial surface hydrophobicity. The three
most popular methods include Bacterial Adherence To
Hydrocarbons, commonly called the BATH test, as de-
scribed by Rosenberg et al. [93], which is now generally
called the MATH test (microbial adherence to hydrocar-
bons). The others are hydrophobic interaction chromatog-
raphy (HIC) [97] and Water Contact Angle measurements
[110]. In the MATH test, evidence exists that hydropho-
bicity is not the only interaction taking place between
microbial cell and organic solvent (hydrophobic com-
pound) such as hexadecane. [Indeed, both hexadecane and
xylene have been found to disrupt cell walls of S. ther-
mophilus and Anoxybacillus spp. respectively (Flint, per-
sonal communication)]. Ahimou et al. [1], Busscher et al.
[13] and Van der Mei et al. [111] have all reported that the
MATH test can be influenced by electrostatic interactions,
with Busscher et al. [13] reporting that hexadecane, the
most commonly used hydrocarbon to measure hydropho-
bicity, is negatively charged in water, with a zeta potential
of between —50 and —80 mV. Van der Mei et al. [112]
concluded that the MATH test should be measured at pH
values where the zeta-potential of the test organism and/or
hydrocarbon are near zero to reduce the potential inter-
ference of electrostatic interactions. Doyle [29] suggested
the MATH test should be performed under either high ionic
strength or at the isoelectric point of the bacterial cells to
minimise any possible electrostatic interactions, making
any measurement of attachment to any hydrophobic
hydrocarbon such as hexadecane valid.

Hydrophobic interaction chromatography (HIC) in-
volves the interaction of hydrophobic cells with a hydro-
phobic column, such as Phenyl-Sepharose, with cells
demonstrating high hydrophobicity being retained in the
column and cells with low hydrophobicity being eluted. As
early as 1978, Smyth et al. [97] noted that increasing ionic
concentration, in this case NaCl, affected cell attachment to
a HIC column such as Phenyl-Sepharose. Wiencek et al.
[124] also reported that a high ionic strength was necessary
to overcome electrostatic repulsion between bacterial
spores and a hydrophobic column containing Phenyl-
Sepharose. Wiencek et al. [124] used both BATH and
HIC methods to measure relative cell hydrophobicity on
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bacterial spores and noted that the relative hydrophobicites
as determined by BATH and HIC generally agreed, even
though a high ionic strength of NaCl was used to mask
electrostatic repulsion between bacterial spores and Phe-
nyl-Sepharose.

Evidence that hydrophobicity is a strong predictor of
cell attachment to surfaces varies from group to group,
with Peng et al. [83], Gilbert et al. [36], Iwabuchi et al.
[49], Liu et al. [62] and Van Loosdrecht et al. [116] sug-
gesting a strong correlation between hydrophobicity and
cell attachment to surfaces. Van Loosdrecht et al. [116]
went so far as to suggest that surface hydrophobicity is the
key factor in determining bacterial attachment to solid
surfaces and that surface charge can only become impor-
tant when surface hydrophobicity is minimal. However, it
must be noted that Van Loosdrecht et al. [116] used
polystyrene discs, which are very hydrophobic, to measure
cell adhesion, thus possibly favouring hydrophobic inter-
actions. On the other hand Sorongan et al. [98], Parment
et al. [79], Parkar et al. [78] and Flint et al. [32] concluded
that hydrophobicity had little to no relationship in deter-
mining bacterial cell attachment. Nevertheless, hydropho-
bicity may be one of the many factors involved in initial
attachment of micro-organisms to surfaces.

DLVO theory

The DLVO (Derjaguin, Landau, Verwey, and Overbeek)
theory of colloid stability has been used by several groups
to try to explain attachment of micro-organisms to surfaces
[42, 90]. According to the DLVO theory, particle adhesion
is driven by the sum of the Lifshitz—van der Waals inter-
actions, usually described as attractive, and also electro-
static interactions, which may be repulsive or attractive,
depending upon the charge of the two surfaces interacting.
Rijnaarts et al. [91, 92] concluded that electrostatic inter-
action is as a general rule repulsive between inert surfaces
and bacterial surfaces at neutral pH, as most inert surfaces
and bacterial surfaces are negatively charged at neutral pH.
Bacterial cell surface charge originates from the presence
of carboxyl, phosphate and amino groups in either disso-
ciated or protonated form and the surface charge conse-
quently depends wupon the pH [85] and/or ionic
concentration [113] of the suspending medium. Poortinga
et al. [85] suggested that at physiological pH values, i.e.
between pH 5 and 7 bacterial cells are generally negatively
charged due to the excess of carboxyl and phosphate
groups over amino groups.

One critical aspect to the DLVO theory is ionic
strength of the solution. Rijnaarts et al. [90, 92] described
how at low ionic strength solution, for example
<0.001 M, long range electrostatic repulsion dominates

@ Springer

bacterial attachment, but at high ionic strength (>0.1 M)
other factors such as steric interactions (hydrophobicity)
dominate. Many workers have now realised that the
DLVO theory does not take into account that the bacterial
cell surface is not a model colloid particle but a highly
dynamic surface that responds to changes in ionic
strength, pH, the presence of macromolecules and even
the presence of other surfaces [85]. These environmental
changes may induce conformation changes to surface
structures such as flagella and fimbriae that may have an
important role in cell attachment. Pembrey et al. [82]
reported that the methods used to prepare cells for cell
surface analysis can have an influence on the values of
cell surface parameters, especially the use of high salt
buffers vs. low salt buffers. Even centrifugation at
15,000g was suggested by Pembrey et al. [82] to cause
enough modification to cell wall structures to bring about
differences in electrophoretic mobility and hydrophobicity
compared with cells of the culture that were not centri-
fuged at 15,000g. Work presented by Pembrey et al. [82]
and Castellanos et al. [17] tends to imply that the bac-
terial cell surface is not just an inert rigid structural
component of the cell, but a delicate and complex array
of proteins, carbohydrates and other components that the
cell uses to sense its immediate environment, which can
be easily damaged or altered by chemical and/or physical
stress.

Methods for analysing electrostatic interaction such as
zeta-potential and electrophoretic mobility measurements
tend to give results in terms of the cell surface overall
charge, or the net surface charge at the macroscopic level.
Dan [24] suggested that the DLVO approach to bacterial
adhesion tended to treat bacterial cells as traditional col-
loidal particles, characterised by having an even surface
and a evenly distributed surface charge. The problem
remains that cells contain many complicated surface
structures such as flagella, pili, fimbriae, glycoproteins,
carbohydrates, teichoic acids and other biological mate-
rials composed of proteins in Bacillus species up to 9% of
total cell proteins are associated with the cell wall [104].
These complicated surface structures may exert their own
localised cell surface charge at a microscopic cell surface
level that could possibility mediate attachment through
local electrostatic attraction despite the cell’s having an
overall electrostatic repulsion. Interestingly, Jones et al.
[52], measuring the cell surface charge of S. epidermidis
strains, noted that some strains revealed a marked inter-
action with the -cationic-exchange resin (negatively
charged resin), though all strains exhibited as expected a
highly negative cell surface, suggesting that different re-
gions on the surface on the cell display different surface
charges, even though the overall cell charge may be
negative.
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Surface roughness and micro-topography

Stainless steel is the most common food contact material
used in the food industry today, as it is easy to fabricate,
durable, chemically and physiologically inert at a variety
of food processing temperatures and pressures, generally
corrosion resistant and usually easy to clean [45]. How-
ever, the micro-topography of stainless steel examined
under SEM [127] and more recently AFM [3] reveals
cracks and crevices, which could provide a greater area
for cell attachment and possible protection from cleaning
chemicals and fluid forces. Verran and Whitehead [121]
concluded that surfaces with scratches and pits of similar
size to microbial cells retained higher numbers of cells
than surfaces with surface features much larger than
microbial cells. Various groups have observed greater cell
attachment on surfaces with high surface roughness and
thus concluded surface roughness is an important factor in
bacterial attachment to inert surfaces [60, 81]. On the
other hand, Mafu et al. [64], Vanhaecke et al. [114] and
Flint et al. [33] have reported no correlation between
surface roughness and bacterial attachment to inert sur-
faces. Arnold and Bailey [3] reported that electro-polished
stainless steel showed significantly fewer bacterial cells
attaching and that biofilm formation on the electro-pol-
ished stainless steel was slower than untreated surfaces.
Parkar et al. [77] commented that electro-polished stain-
less steel produced only a small reduction in initial
attachment of thermophilic bacilli, but biofilm formation
on electro-polished stainless steel was patchy and less
dense than on normal 316 stainless steel. Arnold and
Bailey [3] described electro-polishing as removing metal
from an object’s surface through an electrochemical
process similar to, but the reverse of electroplating. Re-
moval of metal ions, they suggested, reduces the chemical
reactivity of the surface, changing the electrostatic inter-
actions between metal and the surface of the micro-
organism and thus rendering the surface less susceptible
to bacterial attachment. Besides surface roughness, sur-
face topography may also play a part in cell attachment to
surfaces [59]. Several groups have observed with the use
of SEM that bacteria are able to attach within the surface
cavities of the steel surface [119, 127]. Verran et al. [119]
and Jullien et al. [54] suggested that stainless steel
topography had little effect on the total numbers of bac-
terial cells attaching, and that surface topography may
affect biofilm development by protecting cells from re-
moval and thus allowing biofilm re-growth to occur more
rapidly. Flint et al. [33] also commented that surface
topography around the critical size close to the diameter
of the bacterial cells may entrap bacteria on the stainless
steel surface, thus providing cells with some degree of
protection from cleaning agents.

Staphylococcus species

Key aspects of Staphylococcus initial attachment to solid
surfaces are thought to include surface hydrophobicity [43,
44] surface proteins [22, 27, 40, 58, 103, 118] and teichoic
acid structure [38]. Several surface proteins have been
implicated in the ability of Staphylococcus strains to attach
to inert surfaces. Cucarella et al. [22] identified two mu-
tants of Staphylococcus aureus with the use of the trans-
poson Tn917, with a significant decrease in attachment to
inert surfaces. Both mutants had the Tn917 transposon
inserted at the same locus on the chromosome of the bac-
teria. This locus encoded a cell wall-associated protein of
2,276 amino acids with a molecular weight of 254 kDa [4]
called BAP (Biofilm Associated Protein) for short. All
isolates of S. aureus harbouring the BAP gene were highly
adherent to inert surfaces and were strong biofilm pro-
ducers. Tormo et al. [105] reported that other strong bio-
film producers from S. epidermidis, S. chromogenes, S.
xylosus, S. simulans and S. hyicus all produced a BAP-like
protein with an amino acid sequence similarity of greater
than 80% suggesting that the BAP surface protein is an
important protein involved in attachment of Staphylococ-
cus to surfaces.

Other groups have also described the isolation of mu-
tants unable to attach to solid surfaces or unable to form a
biofilm due to the loss of a surface protein. Heilmann et al.
[39] isolated a transposon-insertion mutant of S. epide-
rmidis unable to attach to polystyrene. In comparison with
the wild type, the mutant lacks five cell surface associated
proteins with masses of 120, 60, 52, 45 and 38 kDa. Res-
toration of the 60 kDa band by complementation studies
demonstrated that only the 60 kDa band is required for
initial attachment to polystyrene. Also noted was a de-
crease in the hydrophobicity of the mutant compared with
the wild type strain and the more pronounced ability of the
mutant to attach to a hydrophilic surface, in this case glass.
Heilmann et al. [39] suggested that the observed increase in
attachment to glass by the mutant compared with the wild
type may be a result of the mutant’s lacking the five surface
proteins, allowing hydrophilic surface structures to become
unmasked, thus making the cell surface more hydrophilic.
This in turn increases the likelihood of hydrophilic/
hydrophilic interaction between mutant bacterial cell sur-
face and the glass surface, compared with hydrophobic/
hydrophilic interaction between the wild type bacterial cell
surface and the glass surface. Further analysis by Heilmann
et al. [40] showed that the 60 kDa adhesion protein ap-
peared to be a protein fragment of a much larger protein
that bears sequence homology to an autolysin (AtlE) found
in S. aureus. Heilmann et al. [40] proposed that the 60 and
52 kDa bands are the product of the cleaved 120 kDa band,
similar to the AtIE found in S. aureus, which is composed
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of two lytic active domains of 60 and 52 kDa in size. The
ability of the 60 kDa to bind to both polystyrene surfaces
and plasma protein coated surfaces suggests that it is a
multifunctional surface protein allowing cells to attach to
solid surfaces and host cell surfaces. Veenstra et al. [118]
identified a 280 kDa surface protein, subsequently named
SSP1 (Staphylococcus Surface Protein) from S. epidermidis
and with the use of immunogold labelling followed by
electron microscopy suggested that SSP1 is located on fi-
mbriae-like structures on the cell surface. Proteolytic
cleavage of SSP1 by trypsin resulted in SSP2 of 250 kDa
as demonstrated by SDS-PAGE. The proteolytic cleavage
of cells with SSP1 on the surface coincided with the loss of
adhesive function and increased concentration of SSP2,
suggesting the conversion of SSP1 to SSP2. Veenstra et al.
[118] suggested that the bacterial cell might be able to
control its own phenotype between high adherent and low
adherent by the proteolytic cleavage of SSP1 to SSP2 until
a more favourable environment is reached and adhesive-
ness can be restored.

No one has reported on the epidemiological distribution
among isolates of the Genus Staphylococcus of the surface
proteins associated with attachment, namely 250 kDa re-
ported by Veenstra et al. [118], 60 kDa reported by Heil-
mann et al. [40] and 254 kDa reported by Cucarella et al.
[22]. The question still remains open on the distribution of
the above mentioned surface proteins among Staphylo-
coccus isolates: do some Staphylococcus isolates possess
all three surface proteins or do some isolates only have one
or even none? If some Staphylococcus isolates do possess
all three surface proteins associated with attachment, then
does each protein have a specific affinity with a particular
surface, e.g. hydrophobic or hydrophilic surfaces, or are
they all generic in terms of overall surface affinity? Do
other bacteria associated with attachment to solid surfaces
also possess multiple surface proteins as Staphylococcus
appears to be able to express, or do other bacteria have a
smaller or possibly larger repertoire of surface proteins that
can be called upon to help in initial attachment of cells?

Listeria species

Listeria monocytogenes is an important pathogenic bacte-
rium most commonly transmitted by food. Numerous
studies have shown L. monocytogenes to be capable of
attaching to stainless steel [7, 10, 73]; Glass [18, 19] and
plastics [100]. The ability of L. monocytogenes to attach to
and colonise surfaces during food processing and storage is
thought to be important in the contamination of food
products prior to consumption [102]. Several groups [8, 63,
73] have demonstrated that dominant or persistent strains
of L. monocytogenes isolated from food processing plants
have a higher attachment rate to surfaces than sporadic or
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non-persistent strains. Amongst the large number of strains
examined, significant variation was noted in the ability of
some isolates to attach to stainless steel [63, 73]. Borucki
et al. [8] concluded that persistent strains of L. monocyt-
ogenes, as well as demonstrating higher initial attachment
rates, also show increased biofilm formation. The higher
attachment and biofilm formation rates of persistent L.
monocytogenes strains probably demonstrate the natural
selection within food processing plants of strains of L.
monocytogenes with increased ability to attach to solid
surfaces, resist sanitizers and form extensive biofilms.
The question remains “What aspects of the cell surface
of L. monocytogenes allow it to attach to solid surfaces and
thus cause contamination of food products?” Chae et al.
[19] concluded that hydrophobicity played no part in the
ability of L. monocytogenes to attach to glass surfaces, but
cell surface hydrophobicity was correlated with attachment
to polystyrene (a strongly hydrophobic surface), suggesting
the possible importance of hydrophobic interactions in cell
attachment. Chae et al. [19] also reported a positive cor-
relation between total carbohydrate production and biofilm
formation over 24 h. This observation does not relate total
carbohydrate production with cell attachment, but merely
suggests higher carbohydrate production helps in biofilm
development and growth. Vatanyoopaisarn et al. [117]
showed the importance of flagella on the initial attachment
of L. monocytogenes to stainless steel over the first 10 h by
comparing the attachment rates of a flagella producing
strain and a non-flagella producing mutant. However, after
24 h, the two strains showed similar levels of attachment.
This tends to suggest that structural and/or chemical
changes are occurring at the cell surface during ageing of
the culture, allowing greater interaction between cells and
surface that predominate over the effect flagella have on
attachment. Chavant et al. [20] reported that cell surface
hydrophobicity of L. monocytogenes, which was generally
hydrophilic in nature, varied with the age of the culture and
also with the temperature of incubation, with stationary
phase cultures and higher incubation temperatures gener-
ally increasing cell surface hydrophobicity. Results ob-
tained by Chavant et al. [20] support the hypothesis of
Vatanyoopaisarn et al. [117] that the cell surface is con-
stantly changing over the life of a culture and is responding
to different environmental stimuli. Both Briandet et al. [10]
and Giovannacci et al. [37] reported that L. monocytogenes
incubated at lower temperatures, i.e. <§°C demonstrated a
weaker negative charge compared with cells incubated at
either 15, 20 or 37°C at neutral pH. Briandet et al. [10] also
noted a rapid reduction in the electrophoretic mobility at
around pH 4, of cells incubated at 20 or 37°C. They related
this with protein or peptidoglycan-associated COOH/COO™
(4 < pKa < 5) carboxyl groups present on the cell surface
becoming protonated and thus reducing the overall nega-
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tive charge of the cell. However, cells grown at 8°C
demonstrated no such rapid reduction in electrophoretic
mobility and thus they suggested that cells cultured at 8§°C
might contain fewer carboxyl groups than cells grown at 20
or 37°C. The surface of L. monocytogenes is negatively
charged as with most bacteria at neutral pH [92], but
several authors have reported the lack of an isoelectric
point over the pH range 2-7 in L. monocytogenes, sug-
gestive of the presence of compounds on the cell surface
with very low pKa values [10, 37, 67]. Generally speaking,
most bacteria have an isoelectric point around pH 2 or 3.5
[72].The absence of an isoelectric point within the pH
range 2-7 was hypothesized by Rijnaarts et al. [91] to be
linked to the presence of phosphate groups with a very low
pKa (pKa < 2.1) in the phosphodiester bridges of cell wall
teichoic acids. These results reinforce the view stated
earlier that the cell surface of L. monocytogenes is a dy-
namic, highly changing cell organelle, continually sensing
and changing in response to changes in the environment
and no one factor may be responsible for overall attach-
ment of L. monocytogenes to inert surfaces.

Conclusion

The interaction between surface and bacterial cell surface
appears to be mediated by a complex array of chemical and
physical interactions, with each affected by the chemical
and physical environment to which the bacterial cell and
the surface are currently or recently exposed. The multiple
factors involved in cell attachment, such as surface con-
ditioning, mass transport, surface charge, hydrophobicity,
surface roughness, growth medium and surface micro-
topography can make it difficult to characterise the role and
the overall importance each factor has in attachment. The
understanding of bacterial attachment to solid surfaces
such as stainless steel may help in the future development
of surfaces with no or reduced attachment, or in developing
an effective sanitation programme and thus reducing the
potential contamination of processed products by spoilage
or pathogenic bacteria.
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