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The adhesion and growth of bacteria on the surface of stainless steel promotes corrosion of the material, microbiological
contamination, healthcare problems and results in economic losses. There are numerous factors influencing the adhesion of
bacteria to stainless steel, and material properties are one of the most important ones. In particular, surface roughness,
topography, chemistry and surface energy can promote or inhibit the adhesion and growth of bacteria. Surface roughness and
topography are generally accepted as crucial parameters, especially when the surface features are comparable to the size of the
bacteria. The roughening of the surface increases the area available for adhesion and protects the bacteria from environmental
factors, like liquid shear stress, mechanical forces and disinfectants. The surface chemistry and surface energy of the material
can also affect microbial attachment and survival. The surface chemistry of stainless steel is significantly affected by the
formation of an ultra-thin passive chromium-rich oxide film on the surface in the presence of an oxidative environment. Surface
energy is also an important factor in the initial adhesion and it is commonly known that the minimal relative adhesion to
surfaces occurs at surface energies ranging between 20 mN/m and 30 mN/m (Baier curve). Materials with a high surface energy,
such as stainless steel, are mainly hydrophilic, frequently negatively charged and susceptible to contamination, and thus are
rarely clean. This paper presents an overview of the mechanism and theories of bacterial adhesion on surfaces in general,
together with a comprehensive overview of stainless-steel surface properties that may influence the adhesion of bacteria. Here
we give a literature review and discuss how to manage the stainless-steel surfaces in food processing, medicine and other
industries in order to reduce the adhesion of bacteria.
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Adhezija in rast bakterij na povr{ini nerjavnega jekla pospe{uje korozijo materiala, povzro~a mikrobiolo{ko kontaminacijo,
zdravstvene te`ave in posledi~no gospodarsko {kodo. Na adhezijo bakterij vplivajo {tevilni dejavniki, med katerimi so lastnosti
materiala med pomembnej{imi. Sem spadajo predvsem hrapavost, topografija, kemijska sestava in povr{inska energija.
Hrapavost in topografija povr{ine sta splo{no sprejeta kot klju~na dejavnika, ki vplivata na adhezijo bakterij na povr{ino,
predvsem kadar so topografske zna~ilnosti na povr{ini primerljive velikosti z bakterijo. Pove~ana hrapavost po eni strani pomeni
ve~jo povr{ino za pritrjevanje, po drugi strani pa {~iti bakterije pred okoljskimi dejavniki, kot so stri`ne napetosti v teko~ih
medijih, mehanske sile in razku`ila. Kemijska sestava povr{ine in povr{inska energija materiala lahko tudi vplivata na adhezijo
in pre`ivetje bakterij. Na kemijske lastnosti povr{ine izrazito vpliva oksidna plast, ki se ustvari na povr{ini nerjavnega jekla.
Povr{inska energija je prav tako pomemben dejavnik pri za~etni fazi adhezije. Splo{no znano je razmerje med adhezijo in
povr{insko energijo, ki ga opisuje Baierjeva krivulja, kjer minimalno adhezijo na povr{ini opazimo pri povr{inski energiji med
20 mN/m in 30 mN/m. Materiali z visoko povr{insko energijo, kot je na primer nerjavno jeklo, so pogosto hidrofilni, negativno
nabiti in dovzetni za kontaminacijo, tako da so te povr{ine redko ~iste. ^lanek daje splo{en pregled mehanizmov in teorije
adhezije bakterij na povr{ine. Podrobno je podan pregled povr{inskih lastnosti nerjavnega jekla, ki lahko vplivajo na adhezijo
bakterij. V ~lanku razpravljamo o tem, kako zmanj{ati adhezijo bakterij v `ivilskopredelovalni industriji ter pri medicinski
uporabi. Za uspe{no zmanj{evanje ne`elene adhezije bakterij je potrebno poglobljeno znanje o dejavnikih, ki v najve~ji meri
vplivajo na adhezijo bakterij.

Klju~ne besede: nerjavno jeklo, lastnosti povr{ine, adhezija, bakterije

1 INTRODUCTION

Bacteria generally exist freely or as a population
attached to surfaces.1 When available, bacteria prefer to
grow on surfaces2 forming aggregates known as biofilms.
Bacterial adhesion and the subsequent biofilm formation
is a complex physico-chemical process consisting of
several stages, including the development of a surface-
conditioning film, the approach of bacteria to the sur-
face, adhesion (initial reversible and subsequent irrever-
sible adhesion), the growth and division of organisms
and finally detachment and dispersal of cells.1,3–5

The adhesion of bacteria to surfaces depends on the
properties of the material (surface topography, rough-
ness, surface chemistry and surface energy), the bacteria
(surface charge, surface hydrophobicity and appendages)
and the surrounding environment (type of medium, tem-
perature, pH, period of exposure and bacterial concen-
tration).6,7 Among them, the material surface properties
are one of the most important.

Stainless steels are commonly used in industrial,
medical and food-processing applications,8,9 and the
adhesion of bacteria to stainless steel represents a chro-
nic source of microbial contamination that leads to the
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deterioration of food, healthcare problems, the enhanced
corrosion of stainless steel and reduces the performance
of plants, pipelines, cooling towers and heat exchan-
gers.1,3,10–12

Stainless steels can be produced in various grades
and finishes, and additional surface treatments can affect
surface physico-chemical properties.13–15 The same type
of stainless steel may have distinctly different surface
properties, including topography, roughness, molecular
composition, electrochemistry and physico-chemistry.15

Additionally, an ultra-thin oxide film composed of chro-
mium and iron oxides forms on the stainless-steel sur-
face, which makes the steel resistant to corrosion.14,15

The surface properties of stainless steel depend on the
stainless-steel grade, the surface finish applied and the
cleaning process used.15 The passive oxide layer is also
very susceptible to contamination from the environment
(dissolve solutes and molecules from air)16,17 and conta-
mination can alter the surface properties and influence
the adhesion.

The influence of stainless-steel surface properties on
the adhesion and retention of bacteria has been exten-
sively investigated. There have been numerous studies on
different stainless steels, including AISI 30218, AISI
3048,13,19–32, AISI 31613,23–26,32–37 and AISI 43013,25 using
different bacteria. However, it is still not clear as to
which characteristics of stainless steels are favourable
for bacterial adhesion as they are often interrelated.15

To reduce microbial adhesion and retention on stain-
less-steel surfaces it is necessary to understand the
factors governing microbial adhesion through the syste-
matic research of the various surface properties involved.

This review summarizes the influence of the surface
properties of stainless steel, especially surface rough-
ness, topography, chemistry and energy on the adhesion
and retention behaviour of bacteria. The aim of this
review is to summarize the available literature data on
the material surface characteristics that are responsible
for bacterial adhesion. We will emphasize the stainless-
steel-bacterial adhesion in order to provide information
about how to produce and maintain the surfaces in order
to reduce bacterial contamination.

2 THEORY AND MECHANISM OF BACTERIAL
ADHESION TO A SURFACE

The adhesion of bacteria to a substrate surface is
governed by the physico-chemical properties of both the
substrate and the bacterium, and also the environmental
conditions.6,7,38 Bacteria may adhere to the surface either
directly to the bare material (nonspecific adhesion) or
indirectly to the conditioning film (specific adhesion) on
the surface. Usually, nonspecific adhesion is investigated
and these results are the closest to the predictions of
theoretical models.39 However, in natural environments
the first step of the adhesion process is the formation of a
conditioning layer4,5 of organic and inorganic molecules

that may alter the physico-chemical properties of the
surface, provide a nutrient source for bacteria or inhibit
the adhesion of certain bacteria.5

2.1 Theoretical background of bacterial adhesion

2.1.1 Physico-chemical Models of Bacterial Adhesion

Concepts developed in colloidal research are a
common approach to predicting bacterial adhesion to
surfaces.2,10 If bacteria are treated as colloids in
suspension, it is possible to model the bacterial adhesion
to surfaces as the sum of the chemical and physical
properties of bacteria and the material surface.39 Three
colloidal models are commonly applied when studying
bacterial adhesion to surfaces: the thermodynamic the-
ory, the Deryaguin–Landau–Verwey–Overbeek (DLVO)
theory and the extended-DLVO (XDLVO) theory.10,39,40

2.1.1.1 Thermodynamic theory

The thermodynamic approach is based on the total
change in the potential Gibbs free energy (energy
available in a closed system) when a bacterium attaches
to a surface and is calculated from the Lifshitz-van der
Waals forces and Lewis acid-base interactions39:

�GADH = �GLW + �GAB (1)

�GADH is the total change of the Gibbs free energy of
adhesion, �GLW is the Gibbs free energy change of the
Lifshitz-van der Waals forces and �GAB is the Gibbs
free energy change of the Lewis acid-base forces.
Thermodynamic theory assumes that adhesion is always
reversible and distance independent. The theory does
not include the effects of surface charge and the
electrolyte concentration of the surrounding media. This
theory is the most accurate with uncharged surfaces or
in the presence of large quantities of ions.39

2.1.1.2 DLVO theory

The DLVO theory like the thermodynamic approach
also assumes that adhesion is the sum of interfacial ener-
gies. However, the DLVO theory considers electrostatic
forces instead of acid-base interactions39:

UDLVO = ULW + UEL (2)

UDLVO is the total interaction energy, ULW is the Lifshitz-
van der Waals interactions energy and UEL is the electro-
static interaction energy. DLVO theory assumes that
adhesion can be reversible and distance dependent. The
theory is most accurate when electrostatic forces are
predominant; however, it is limited due to the dis-
regarded effects of the polar interactions.39

2.1.1.3 XDLVO theory

In an attempt to more accurately model bacterial
adhesion the XDLVO theory combined the features of
the thermodynamic approach and DLVO theory. The
XDLVO model assumes that adhesion is the sum of the
Lifshitz-van der Waals, electrostatic and Lewis acid-base
interactions39:
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UDLVO = ULW + UEL + UAB (3)

UDLVO is the total interaction energy, ULW is the Lifshitz-
van der Waals interaction energy, UEL is the electrostatic
interaction energy and UAB is the Lewis acid-base
interaction energy. Like with the DLVO, also XDLVO
theory assumes that adhesion can be reversible and
distance dependent.39

All three models favour bacterial adhesion when the
product of the equations’ theories is negative. An
increase or decrease in bacterial adhesion for one set of
parameters compared to a different set of parameters is
calculated. These three theoretic models that predict the
bacterial adhesion to surfaces were developed for ideal
systems; however, the actual bacterial adhesion is
complex and can behave completely differently from the
prediction of the developed models.39

2.2 Mechanism of bacterial adhesion

Actual bacterial adhesion frequently deviates from
the above-described adhesion models.10 Solid materials
exposed to various environments adsorb organic and
inorganic material, thus forming a conditioning layer to
which microorganisms attach.10 The conditioning layer
changes the physico-chemical properties of the surface
and thus plays an important role in the bacterial attach-
ment process.5,10

The adhesion of bacteria to solid surfaces is a
two-phase process composed of an initial reversible
(physical) followed by an irreversible (molecular and
cellular) phase.2,5,41 The adhesion of bacteria to the
surface may be passive or active and this depends on the
motility of the bacteria and the transportation of cells by
gravity, the diffusion of bacteria and the fluid dynamic
forces.3,5 Initial adhesion also depends on the physico-
chemical properties of bacteria cells, their growth phase
and the availability of nutrients.3

The adhesion of bacteria to surfaces occurs rapidly,
within seconds.42,43 Planktonic microbial cells are trans-
ported from the suspension to the conditioned surface
either by bacterial appendages or by physical forces, thus
enabling an initial reversible adhesion.1,3,41 The long-
range physical forces, including van der Waals forces,
steric and electrostatic interactions, influence the initial
reversible adhesion. During this initial stage the bacteria
still show Brownian motion and can be easily removed
from the surface.3,41

After an initial reversible adhesion a number of cells
adhere irreversibly. In this phase molecular reactions
between bacterial surface structures and substrate surfa-
ces become predominant. In contrast to reversible adhe-
sion, various short-range forces such as dipole-dipole
interactions, hydrogen, ionic and covalent bonding and
hydrophobic interactions are involved.1–3,41 Once the bac-
teria attach, irreversible strong physical or chemical
forces are required to remove them from the surface.3

The irreversibly attached bacterial cells start to grow,
divide and form microcolonies, the basic structural unit
of the biofilm.1,3,44 The production of additional extra-
cellular polymeric substances (EPS) helps to strongly
bind the cells to the surface and stabilize the micro-
colonies from the environmental fluctuations1,3 and the
presence of nutrients in the conditioning film and the
surrounding environment determines the rapid growth
and division of cells.1 The biofilm not only enables the
strong attachment of the cells to the surface, but also
helps collect diffuse nutrients, acts as a protection
against environmental stress, antibiotics and disinfec-
tants and enables intercellular communications. As the
biofilm ages the attached bacteria detach and disperse
from the biofilm and colonize new niches.1,3

3 FACTORS AFFECTING BACTERIAL
ADHESION TO SURFACES

Bacterial adhesion is a complex process affected by
the characteristics of the bacteria, environmental
properties and the physical and chemical properties of a
material surface.6,7,38 Environmental factors including the
type of medium, temperature, pH, shear stress of the
flowing medium, bacterial concentration, chemical
treatment and the presence of antibiotics may influence
bacterial adhesion by either changing the surface
characteristics of the bacteria and material or influencing
the interactions in a reversible phase of adhesion. Fur-
thermore, different bacterial species and strains adhere
differently for a given material. This is due to the diffe-
rences in the physic-chemical characteristics of the
bacteria, including surface hydrophobicity, surface
charge, appendages and EPS production.6,7 The physical
and chemical properties of a material surface that can
influence bacterial adhesion to the material surface
include surface roughness, topography or physical confi-
guration, chemical composition, surface energy and
hydrophobicity.6,7 However, the surface characteristics
can be quickly altered by the adsorption of organic and
inorganic compounds forming a conditioning layer.3,5,10

This review will focus on the properties of stainless steel
that can influence bacterial adhesion.

3.1 Stainless-steel surface properties affecting bacte-
rial adhesion

Stainless steels are iron-based alloys containing at
least 10.5 % Cr with numerous alloying elements that
improve the mechanical and corrosion properties.9

Stainless steel is the material of choice in the food-
processing industry14,15,45, mainly because it is inert,
resistant to corrosion, stable at various temperatures and
hygienic.45,46

Stainless steel can be produced in various grades
(AISI 302, AISI 304, AISI 316, AISI 420) and finishes
(2B, 2R, 2D, number 4 finish), thus having different
surface properties (chemistry, topography, roughness,
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energy).13,14 Furthermore, additional surface treatments
such as mechanical or electro polishing can be applied to
modify the surface topography and roughness and
achieve functionally and aesthetically improved surfa-
ces.13,45 When the commonly used 2B surface finish is
additionally grinded/polished with SiC papers and
diamond paste, different surface patterns are obtained
(Figure 1).47 Stainless steel forms an ultra-thin oxide
film on the surface composed of chromium and iron
oxides that protects the steel from corrosion. The
composition of the oxide film depends on the metal
substrate, the surface finish and the surrounding
environment.15

3.1.1 Effect of surface roughness and topography on
bacterial adhesion

Stainless steel produced in different surface finishes
is designated by a system of standardized numbers: No.
1, 2D, 2B, and 2BA for unpolished finishes; and No. 3,
4, 6, 7, and 8 for polished finishes.9 The 2B pickling

finish, the 2R bright annealed finish and finish 4 are the
most often used.14,15 During production, stainless steel
goes through annealing and pickling processes where the
stainless steel is softened and descaled. These processes
clean the surface of the material prior to processing to a
given finish.14 After cold rolling, which reduces the
thickness of the steel, final annealing (in oxidising
atmosphere) and pickling follows and the surface finish
obtained is designated as a 2D surface finish. When the
2D surface finish is finally light passed on polished rolls
2B or pickling finish is obtained.9,15 To achieve a bright
finish or a 2R finish, the stainless steel is annealed in a
protective atmosphere and the final pickling process is
avoided.15 Finish 4 is achieved when 2D or 2R sheets are
further polished with fine-grained polish belts.9,15 The
surface composition, topography and roughness for a
given material may differ considerably according to the
different surface finishes applied.15
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Figure 1: Secondary-electron (SE) images taken on scanning electron microscope illustrate the surface features of different surface finishes of
AISI 316L stainless steel: a) 2B surface finish, b) 2B surface finish grinded with 100 SiC grit paper, c) 2B surface finish grinded with 800 SiC
grit paper and d) 2B surface finish polished with diamond paste 3 μm and 1 μm to mirror finish. The 2B surface finish (a) has a network of
subsurface crevices between the oxide grain boundaries; mechanically grinded surface finishes (b, c) exhibit scratch patterns with long linear
alternating grooves and ridges; and the mirror surface finish (d) is the smoothest without pronounced topography features.47

Slika 1: Slike sekundarnih elektronov (SE), posnete z vrsti~nim elektronskim mikroskopom, prikazujejo topografske karakteristike razli~no
obdelanih povr{in nerjavnega jekla AISI 316L: a) 2B povr{ina, b) 2B povr{ina, bru{ena z granulacijo papirja 100 SiC, c) 2B povr{ina, bru{ena z
granulacijo papirja 800 SiC in d) 2B povr{ina, polirana z diamantno pasto 3 μm in 1 μm. 2B povr{ina (a) ima mre`o razpok med oksidnimi zrni
na povr{ini; na mehansko poliranih povr{inah (b, c) je opazen vzorec prask z dolgimi izmeni~nimi dolinami; polirana povr{ina (d) na drugi strani
nima izrazite topografije.47



When studying bacterial adhesion to surfaces, a
comprehensive characterization of the surface-roughness
parameters and visualisation of the surface topography is
very important.38,48 Surface roughness is a two-dimen-
sional parameter of a material surface and is usually
described as the arithmetic average roughness (Ra) and
the root mean square roughness (Rq)6,38, whereas the
topography is a-three dimensional parameter and
describes the shape of the surface features.6 The Ra and
Rq, are commonly reported surface-roughness parameters
when investigating bacterial adhesion; however, they are
measures of the height variation without information
about the topography (surface features).38,48 Therefore, it
is important to measure the spatial or amplitude para-
meters that give information about the spatial variation
and to visualize and describe the morphological features
of the surface.38

Stainless-steel grades AISI 302, AISI 304 and AISI
316 are most often used in adhesion studies due to their
application in the food industry and medicine.14,15,33,49 In
the literature regarding adhesion and retention, bacteria
genus Escherichia, Staphylococcus, Listeria, Pseudo-
monas, Streptococcus and Salmonella are the most often
studied.14 Although a number of studies have investi-
gated the influence of the surface topography and rough-
ness of different stainless steels on the adhesion of
different bacteria the conclusions from these studies are
not consistent.38,48

Several researchers including Jullien et al.13, Ortega
et al.19, Whitehead and Verran23, Flint et al.26, Peterman
et al.27, Hilbert et al.50 and observed no direct correlation
between the surface roughness of the AISI 304/316
stainless Ra ranging between 0.01 μm and 3.3 μm and the
adhesion of bacteria or spores. Arnold et al.8,30 and
Ortega et al.,29 on the other hand, reported a positive
correlation between the adhesion of bacteria and the
surface roughness of the AISI 304 stainless steel. How-
ever, Goulter-Thorsen et al.20 reported that E. coli
attached in greater numbers to significantly smoother
AISI 304 stainless steels. Also interesting are the find-
ings of Medilanski et al.51 who reported that minimal
adhesion occurs at Ra = 0.16 μm and attachment to both
rougher and smother surfaces was significantly higher.
The increased adhesion of bacteria on rougher surfaces
may be explained due to the increase in the surface area
available for adhesion6,7 and the roughening of the sur-
face might also facilitate a firmer attachment by provid-
ing more contact points.52 The opposing observations
reported between the different studies are probably due
to the various experimental conditions, different bacterial
species tested, the material studied and methods used for
bacteria detection.26,42

Besides surface roughness, also the topography of the
surface or surface features such as pits, crevices,
scratches, grooves and ridges, play an important part in
the adhesion process.15,38,43,45 Many researchers con-
cluded that if the surface features are comparable to the

size of the bacteria they can promote bacterial attach-
ment and increase the subsequent microbial reten-
tion.6,7,43,48

The bacteria attach differently to surfaces with
different surface topographies or special surface features
and often the pattern of adhesion reflects the surface
topography (Figure 2).47 Medilanski et al.51 studied the
influence of an AISI 304 stainless-steel surface topo-
graphy (three surface finishes with scratches and two
without observable scratches) on the adhesion of four
bacteria strains (Desulfovibrio desulfuricans, Pseudo-
monas aeruginosa, Pseudomonas putida and Rhodo-
coccus sp.) and found that bacterial cells attach into
scratches in the longitudinal orientation when the width
of the scratches corresponds to the width of the bacterial
cells. Rougher surfaces with wider scratches exhibit a
higher fraction of bacteria adhered in other orientations
and the smoothest surfaces exhibit a random cell orien-
tation.51 Flint et al.26 observed that surface flaws
(scrapes, scratches and pitting) on AISI 304 stainless
steel did not always affect the number of adhered
bacteria; however, bacteria often aligned with the lines
created by the surface flaws. Similar observations were
made by Whitehead and Verran23 on AISI 304 and AISI
316 stainless steel. Barnes et al.21 compared the 2B and 8
mirror finish of AISI 304 stainless steel and reported that
Staphylococcus aureus attach in greater numbers to a
rougher 2B surface finish, whereas little differences
between the 2B and number 8 mirror finish were
observed for Listeria monocytogenes. Furthermore,
scanning electron microscopy revealed that bacteria cells
did not orient exclusively along polishing lines.21 Using
microbial retention assays with a range of differently
sized, unrelated microorganisms on engineered surfaces
(silicon wafers) with controlled topographical features
Whitehead et al.53,54 and Verran et al.55 demonstrated that
the size of the surface features is important with respect
to the size of the bacteria, and its subsequent retention.

The wear of the surfaces may change the adhesion
and retention of bacteria14,45 with the introduction of new
random features (i.e., scratches) different dimensions45,
especially on smooth polished surfaces. Studies of
simulated worn surfaces demonstrated that the hygienic
status of stainless steel was not affected in terms of
microbial retention; however, the cleanability was
affected in terms of the reduced removal of organic
soil.45 Holah and Thorpe46 observed the increased
retention of bacterial cells on abraded sinks compared to
unused ones, this is due to the fact that rougher surfaces
have an increase in the number of attachment sites, a
larger surface contact area and topographical features
that reduce the cleaning shear forces. Verran et al.32

simulated wear on AISI 304 and AISI 316 stainless steel
and studied the retention of Pseudomonas aeruginosa
and Staphylococcus aureus. The results showed that
wear corresponding to Ra < 0.8 μm did not significantly
affect the retention of microorganisms, but the pattern of
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the attachment was highly affected by the surface
topography.32 Linear surface features will be more easily
cleaned along rather than across the features and
presumably also more easily than surfaces with random
linear features across the surface. Furthermore, an in-
crease in the surface roughness may cause the entrap-
ment of microorganisms within the surface features and
reduce the cleanability; however, if the surface features
are significantly larger than the microbial cells, then they
are relatively easily removed from the surface.14 There-
fore, it is important to visualise the surface features as
well as measure the roughness parameters as the wear of
food contact surfaces can affect the topography without
any observable change in roughness.45

3.1.2 Effect of surface chemistry, hydrophobicity and

energy

Stainless steels, produced in various grades and
finishes, also vary in surface properties like chemistry,
topography, roughness and surface energy.14,15 Stainless
steel forms an invisible oxide film (passivation) on the
surface composed of chromium and iron oxides that
protects the steel from corrosion.14,15,45 The composition
of the oxide film depends on the metal substrate, the
surface finish and the surrounding medium.15 When
scratched from surface the oxide layer forms within
seconds and due to the speed of re-passivation it is
difficult to determine the exact chemical composition of
the surface.45 The passive film on a stainless steel is not
static but it changes (grows, dissolves and may adsorb or
incorporate anions) according to the environment.56
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Figure 2: SE images of attachment patterns of Escherichia coli cells to surfaces with different surface finishes of AISI 316L stainless steel: a) 2B
surface finish, b) 2B surface finish grinded with 100 SiC grit paper, c) 2B surface finish grinded with 800 SiC grit paper and d) 2B surface finish
polished with diamond paste 3 μm and 1 μm to mirror finish. On 2B surface finish (a) microorganisms attach to the crevices between oxide grain
boundaries, whereas on mechanically polished surface finishes (b, c) bacteria align often along longitudinal scratches (when comparable to the
size of the bacteria). On the other hand, mirror finish (d) exhibited a less pronounced topography and microorganisms were observed to be
distributed across the surfaces more randomly.47

Slika 2: SE-slike razporeditve celic bakterije Escherichia coli na razli~no obdelanih povr{inah nerjavnega AISI jekla 316L: a) 2B povr{ina, b) 2B
povr{ina, bru{ena z granulacijo papirja 100 SiC, c) 2B povr{ina, bru{ena z granulacijo papirja 800 SiC in d) 2B povr{ina, polirana z diamantno
pasto 3 μm in 1 μm. Na povr{ini 2B (a) se bakterije pritrjujejo v razpoke med oksidnimi zrni na povr{ini, medtem ko se na mehansko bru{enih
vzorcih (b, c) bakterije pogosto orientirajo vzdol` prask (kadar so primerljivih velikosti z bakterijami). Po drugi strani poliran vzorec nima
izrazite topografije in razporeditev bakterij na povr{ini je naklju~na.47



From a physico-chemical standpoint, the energy charac-
teristics of stainless steel depend on the surface finish
and on the cleaning process used15 and a high- or
low-energy surface can be obtained depending on the
cleaning treatment.15,28

Surface energy is inversely proportional to the
thickness of the contaminating carbon layer that is not
eliminated by cleaning. The cleaning also affects the
surface charge of the steel. For a given surface finish,
and with a pH above the isoelectric point, a more or less
negatively charged surface can be obtained.15 In the food
industry, the electrostatic interactions are repulsive
because stainless-steel surfaces are generally negatively
charged at neutral or alkaline pH and microorganisms are
also negatively charged at these pH values in low-con-
centration aqueous solutions. In weakly charged liquids
such as water, repulsive electrostatic interactions are
significant, whereas in high electrolyte concentrations
(milk, wine) the effect of surface charge is obscured.15

Metals compared to polymers have a high surface ener-
gy, they are mainly hydrophilic, frequently negatively
charged6,15,17 and when exposed adsorb dissolved solutes
or atmospheric contaminants, thus being rarely clean.17

On the other hand, metal oxides provide positively-
charged surfaces that can significantly increase the
adhesion of negatively-charged bacteria to surfaces, pri-
marily due to their positive charge and hydrophobicity.40

It is thought that hydrophobic materials are more sus-
ceptible to bacterial adhesion in contrast to hydro-
philic.6,7 The adhesion of vegetative cells, bacterial
spores and freshwater bacteria has been shown to
increase with increasing surface hydrophobicity. The cell
attachment to hydrophobic plastic occurs very quickly
compared to hydrophilic surfaces (metals oxides, metal
and glass) where longer exposure times are needed.43

Marine Pseudomonas sp. attach in large numbers to
hydrophobic plastics with little or no surface charge,
moderate to hydrophilic metals with a positive or neutral
surface charge and few to hydrophilic, negatively
charged materials such as glass and oxidized plastics.6

Teixeira et al.57 reported that hydrophobic and hydro-
philic bacteria attach in greater numbers to relatively
hydrophobic surfaces with a low surface energy like
AISI 316 and AISI 304 stainless steel compared to
polymethylmethacrylate (PMMA) and glass which are
more hydrophilic. Sinde and Carballo58 studied the adhe-
sion of Salmonella spp. and Listeria monocytogens
strains to AISI 304 stainless steel, rubber and polytetra-
fluorethylene (PTFE). The attachment results showed
that in general Salmonella and Listeria monocytogens
strains adhered in greater numbers to more hydrophobic
material (rubber and PTFE), with stainless steel being
the least hydrophobic.58 Boulangé-Petermann et al.28

studied the wettability of AISI 304 stainless steel with
2B and 2RB surface finishes with respect to the cleaning
process. The cleaning process affected the wettability of
a solid stainless steel surface; however, the results
obtained regarding bacterial adhesion showed no direct

correlation between the wettability or surface energy and
the adhesion of Streptococcus thermophiles.28 Flint et
al.26 studied the adhesion of thermoresistant streptococci
(Streptococcus thermophilus and Streptococcus waiu) to
different substrates (stainless steel, aluminium, zinc,
cooper and glass) and different grades of stainless steel
(AISI 304L and AISI 316L). The influence of substrate
hydrophobicity, charge and a thin oxide film on stainless
steel surfaces was also investigated with respect to the
adhesion of thermo-resistant streptococci.26 The results
showed that bacteria preferentially attach to stainless
steel and zinc compared to copper, aluminium and glass.
Bacteria adhere in higher numbers to AISI 316L
stainless steel with a 2B surface finish compared to AISI
304L stainless steel with the same surface finish, indi-
cating the role of the chemical composition on the
adhesion.26 On the other hand, Percival et al.59,60 reported
a greater number of adhering viable cells on AISI 304
stainless steel compared to grade AISI 316 in a water
piping system over a period of a few months. Flint et al.26

also observed that negatively charged surfaces attracted
more bacteria than positively charged surfaces and the
unpassivated stainless-steel surface (without oxide layer)
reduced the adhesion of thermo-resistant streptococci,
thus suggesting that a stainless-steel surface oxide film
enhances adhesion. However, when stainless steel is
exposed to air repassivation occurs and the ability to
attract bacteria is restored.26

The influence of surface energy on adhesion has been
studied extensively and the surface energy of the
material is an important factor influencing adhesion. The
Baier curve demonstrates the relationship between the
relative adhesion of organisms and the energy of the
surface where minimal adhesion occurs between 20–30
mN/m.61 The surface energy of the substrate also
depends on the conditioning layer (defined by the sur-
rounding environment) and surface structure with surface
irregularities. In an aqueous environment a conditioning
film forms immediately after exposure of the surface and
changes the substrate properties and affects microbial
retention.43

More comprehensive investigations on different
stainless steels with well-known properties (roughness,
topography and surface chemistry) are necessary in order
to determine the effect of surface chemistry on bacterial
adhesion. However, surface physico-chemical properties
are interrelated, therefore, it is difficult to draw the
conclusions of the effects on adhesion due solely to one
of them.15

4 CONCLUSIONS

Bacterial adhesion is governed by properties of the
material surface, bacterial surface characteristics and the
surrounding environment, therefore a comprehensive and
multidisciplinary approach is necessary in order to
improve the understanding of factors contributing to the
adhesion and retention of bacteria to surfaces.
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The adhesion of bacteria to stainless steel and
retention on surfaces can enhance the corrosion of steel,
present the source of contamination in the food-pro-
cessing industry, cause healthcare problems in medicine
and decreases the performance of equipment in other
industries, thus causing economic losses. Therefore, it is
important to control and reduce the adhesion process.

Stainless-steel surface properties including rough-
ness, topography, chemistry, surface energy and hydro-
phobicity affect the adhesion of bacteria. These factors
are interdependent.

The surface topography and roughness play a crucial
role, especially when they are comparable to the size of
the bacteria and can promote the adhesion and retention
while reducing the cleanability of the surface. On the
other hand, hydrophobicity and surface energy also play
an important role in the adhesion process as hydrophobic
surfaces are more susceptible to adhesion in comparison
to hydrophilic ones and a low surface energy is better
than a high surface energy.

The physico-chemical properties of the substrate are
important in initial cell adhesion; however, once a bio-
film is formed the effect of surface properties on adhe-
sion diminishes, but the effect on retention and cleanabi-
lity is still observable.

In order to reduce or manage the adhesion to stain-
less-steel surfaces in food processing, medical appli-
cation and other industries, knowledge of factors that
govern bacterial adhesion is necessary for each material
being used. It is important to take into account the grade
of the steel, the surface finish applied, the surface
roughness, the cleaning procedures used and the age of
the steel.

A surface-modification approach should concentrate
on a reduction of the initial bacterial adhesion process
and, on the other hand, cleaning protocols used should
be improved, to increase the removal of bacteria. With
wear these protocols should be adjusted (intensified).

Stainless steel is hard, inert, hygienic and has good
wear resistance compared to plastic and ceramics, and
when using smooth surfaces with effective cleaning and
disinfection procedures this is the best approach to
reducing adhesion in food processing, medicine and
industry.

However, we also have to take into account the pro-
perties of different bacteria and surrounding environment
where stainless steel is exposed. Therefore, the adhesion
of a particular group of bacteria that are expected to
contaminate the surfaces should be tested.
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