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INTRODUCTION

Microbial adhesion to surfaces is the onset of the develop-
ment of a biofilm. Biofilm formation occurs on all surfaces
exposed to an aqueous environment, such as soft tissues, im-
planted biomaterials or tooth surfaces in the human body,
rocks in rivers, pipelines in water works, and on ship hulls (51).
Generally, microbial adhesion is preceded by the formation of
a conditioning film of macromolecular components (3, 80),
after which mass transport processes ensure initial adhesion of
microorganisms. However, clinically, microbial adhesion to
surgical instruments, light switches in the operating theater
and cotton fabrics in the absence of a conditioning film may
also add to the transmission of pathogens in a hospital envi-

ronment. Initial adhesion is reversible for a short period of
time (59, 90), after which adhering organisms start to anchor
themselves irreversibly through extracellular polymeric sub-
stance production (25, 63). Coadhesion phenomena may start
(6, 71) and finally the organisms commence to grow, with a
mature biofilm as a result.

The rate of adhesion is determined by the number of micro-
organisms transported to a substratum surface through mass
transport processes such as convection, diffusion, or sedimen-
tation (40, 51, 95). In relatively stagnant environments, such as
the oral cavity or at implanted biomaterial surfaces, convective
mass transport, i.e., transport through liquid flow of suspended
organisms, only plays a minor role and sedimentation and
diffusion are the main means of mass transport. However, on
ship hulls, in rivers, or in water works, convective mass trans-
port of suspended microorganisms is the major mechanism
that controls the rate of microbial adhesion.

Usually, increased fluid flow towards or parallel to a sub-
stratum surface results in faster adhesion of microorganisms
due to higher mass transport (82), despite the presence of
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higher fluid shear stimulating their detachment (14). However,
when fluid flow exceeds a critical limit (49), resulting wall shear
rates may become high enough to prevent adhesion (65, 78) or
even stimulate detachment. For instance, in aqueous suspen-
sions, wall shear rates of 6,000 to 8,000 s�1 (equivalent to shear
forces of between 6 � 10�3 and 8 � 10�3 nN) were sufficient
to prevent adhesion of Pseudomonas fluorescens to stainless
steel, while wall shear rates of 12,000 s�1 (or shear forces of 12
� 10�3 nN) could detach adhering organisms (78). Adhesion
of Staphylococcus aureus to collagen-coated glass plates in-
creased for shear rates between 50 and 300 s�1 due to in-
creased mass transport and then, after exceeding the critical
limit, decreased for shear rates higher than 500 s�1, equivalent
to a shear force of 0.5 � 10�3 nN (64). Note the enormous
range in adhesive forces between different strains and species.
Similar forces were derived from a centrifugal force assay
assessing perpendicular detachment forces (74) for Streptococ-
cus sanguis (0.2 � 10�3 nN) and Actinomyces viscosus (1.1 �
10�3 nN). Furthermore, turbulent flow as opposed to a laminar
regimen is known to affect biofilm architecture (72, 85, 100,
102). Biofilms grown under turbulent flow tend to form fila-
mentous streamers, while those grown under laminar flow have
a more uniform cell distribution. Turbulent flow also creates
more stable and rigid biofilms than laminar flow.

The implications of studies on initial microbial adhesion and
detachment reach beyond the stage of initial adhesion and
have great relevance for the maintenance of a biofilm on a
surface. A biofilm is usually modeled as a dense, base biofilm,
combined with a more open-structured surface biofilm (103),
but a complete biofilm model should, in our opinion, include
the role that the initially adhering organisms play in linking a
biofilm to a substratum surface (7). Organisms in the linking
film are those that initially adhered to the substratum surface
and whose retention is crucial for the maintenance of the
entire biofilm on a surface and during periods of high shear-off
forces. Organisms residing in the linking film are therefore
under direct control of the substratum surface. Linking film
organisms adhere to almost any substratum, regardless of its
surface properties, but are not always able to maintain their
position under environmentally or medically relevant shear
conditions (12). In this respect, we have suggested in the past
that more studies should aim towards “bacterial retention”
rather than to “bacterial adhesion” (31).

Adhesion of microorganisms to substratum surfaces and
their retention are difficult to measure (2) apart from the fact
that a proper distinction between both definitions is seldom
made, and a variety of static and dynamic flow displacement
systems has been developed by different research groups, cur-
rently often with the aid of image analysis (58, 70, 87, 97, 106).
Dependent on the microscopic technique used, adhering mi-
croorganisms both on transparent substrata on metals (94) and
dental enamel surfaces (45, 71, 93) can be visualized. Some-
times mass transport considerations are included in the exper-
imental design, but frequently no distinction is made between
kinetic and stationary or equilibrium effects. Especially in sys-
tems that are stirred or shaken to prevent sedimentation, mass
transport to substratum surfaces is often limited because the
organisms are carried around by the flow rather than toward a
substratum surface. The lack of a ubiquitously accepted meth-

odology and way of reporting bacterial adhesion data im-
pedes a comparison of results from different laboratories
and is unlike the standardization seen in many other fields
of science.

Contributing to this unfortunate situation are the so-called
“slight-rinsing” and “dipping” artifacts to remove loosely ad-
hering bacteria. In a typical Materials and Methods section of
a paper on bacterial adhesion it can be read that “substrata
with adhering bacteria were slightly rinsed under running tap
water” or “dipped to remove loosely adhering bacteria prior to
enumeration” (for recent examples see references 18, 29, 55,
and 88). Such methodology has been (and still is in many
research groups) general practice for many years, but never-
theless is inadequate as it raises a number of obvious questions:
(i) what is the magnitude of the rinsing forces applied, (ii) what
is the definition of “loosely adhering” bacteria, i.e., at what
rinsing forces are they detached, and (iii) what percentage of
the total adhering population is removed by rinsing?

To avoid these questions, we have started doing microbial
adhesion experiments in a parallel plate flow chamber under
controlled hydrodynamic conditions (83). Flawed experimental
procedures involving “slight rinsing” and “dipping” artifacts
neglect observations over the past decades that a passing air-
liquid interface has the ability to displace and detach micron-
sized particles, including dust particles (47) and adhering mi-
croorganisms (30, 73), from surfaces. By consequence, upon
close inspection many papers on microbial adhesion do not
deal with adhesion, but with the ability of adhering organisms
to withstand detachment, i.e., microbial retention. Bos et al.
(7) demonstrated, using micropatterned surfaces, that bacte-
rial adhesion is less influenced by substratum surface hydro-
phobicity than bacterial retention.

In fact, in many natural processes bacterial retention has
been described to be more influential on the final development
of a biofilm than adhesion. In the oral cavity, for instance,
adhering bacteria have to withstand detachment forces due to
eating, speaking, drinking and swallowing in order to form a
biofilm. On the eye and on contact lenses, blinking of the eyelid
creates a detachment force on adhering bacteria (38), similar
to the action of waves on rocks and ship hulls in the marine
environment. Adhering organisms, responsible for biodeterio-
ration of monumental buildings (42), have to adhere strongly
enough to withstand rain. In this respect it is interesting that
freshwater, multispecies biofilms at solid-liquid interfaces oc-
cur both in quiescent waters and in conditions of high shear. In
the latter case, however, increases in shear rate decreased the
microbial diversity in the biofilm (77), likely because weakly
adhering strains could not maintain their position in the bio-
film under high shear forces. Either increasing shear rates may
present a challenge to the linking organisms in a biofilm, pos-
sibly leading to detachment at the interface between the bio-
film and a substratum surface, or if this link appears stronger
than the cohesive forces holding the biofilm together, in-
creased shear rates may make the biofilm thinner. Chang et al.
(13) reported for water biofilms that this thinning coincided
with the biofilm becoming denser.

In summary, there are three principal reasons to use flow
displacement systems in microbial adhesion research.
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Mass Transport

For a proper analysis of adhesion data, kinetic and station-
ary or equilibrium effects must be distinguished. Typical kinet-
ics of any bacterial adhesion experiment follows a pattern as
shown in Fig. 1, where an initial linear trajectory can be seen,
followed by a leveling off to a (pseudo-) end stage. During the
initial phase, organisms that arrive at a substratum surface
interact solely with the substratum surface, and the rate at
which organisms adhere in this stage of an experiment can be
considered as representative for the true affinity of an organ-
ism for a given substratum surface (Fig. 2). At later stages,
when a substratum surface is already partially covered with
adhering organisms, an arriving organism will have interaction
with the substratum surface, but also with already adhering
microorganisms (Fig. 2) and thus the data will reflect contri-
butions from different interactions that are hard to separate.
Typically, the kinetics level off due to blocking (Fig. 3) of
available substratum surface by adhering microorganisms
yielding an end stage.

A pseudo-end stage can be reached, however, when a mi-
crobial suspension is depleted of organisms due to their adhe-
sion to the substratum, while mass transport in the system used

is inadequate to replenish and restore a high concentration
near the substratum surface (Fig. 4). Flow displacement sys-
tems allow control of mass transport and theoretical calcula-
tion of the (maximum) mass transport that can be expected on
the basis of flow velocities, microbial concentrations in suspen-
sion and dimensions of the flow system (22).

The end stage of an adhesion experiment is said to be sta-
tionary if reversibility is absent or cannot be proven. In an
equilibrium stage, adhesion is reversible and desorption and
adsorption events balance each other. While stationary end
stages are reached faster at higher microbial concentrations in
suspension, the end stage is usually not affected. For an equi-
librium end stage, however, end stage adhesion increases with
the microbial concentration in suspension (Fig. 5). Although
initial microbial adhesion is generally said to be reversible, this
is only so during the first minutes of contact between an or-
ganism and a surface and bond aging rapidly yields a virtually
irreversible stage, as observed directly in flow displacement
systems (60) and recently confirmed by direct force measure-
ments between bacteria and substratum surfaces as a function
of time, applying atomic force microscopy (AFM) (90). This
type of bond aging should not be confused by the transition to
more irreversible binding of adhering bacteria by extracellular
polymeric substance production, which is a metabolic process
contributing to irreversible adhesion. All colloidal particles,
including microorganisms, exhibit bond aging, often toward a
more irreversible state, by the slow removal of interstitial water
facilitating closer approach or reorientation of interacting sites.

Wall Shear Rates

The use of flow displacement systems allows calculating the
wall shear rate (s�1) acting on adhering microorganisms, as the
main source of fluid flow forces on adhering organisms. At a
surface, fluid flow is essentially absent and flow increases with
distance away from the surface. Consequently, fluid flow is
slightly higher over the top of an adhering microorganism than

FIG. 1. Example of deposition kinetics as a function of time in a
parallel plate flow chamber, reaching a (pseudo-) end stage for En-
terococcus faecalis OG1X on fluoroethylenepropylene in phosphate-
buffered saline, pH 7.0, at a concentration of 3 � 108 bacteria per ml
and a wall shear rate of 10 s�1. The tangent shows the linear trajectory
from which the initial deposition rate is calculated.

FIG. 2. An organism arriving at a substratum surface in the initial
phases of adhesion interacts solely with the substratum surface (left),
while at later stages interaction is with the substratum surface as well
as with already adhering organisms (right).

FIG. 3. Area blocked by an adhering organism can be obtained from
radial distribution function and other organisms arriving at a substratum
surface cannot adhere in this area. Note that the blocked area can depend
on fluid flow: top, slow fluid flow; bottom, fast fluid flow.
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at its bottom, which yields a shear. The force resulting from
this shear acts parallel to the surface and depends on the
viscosity of the suspension and the microbial dimensions. At
this point, it is important to emphasize that the adhesion forces
arising from a perfectly smooth and homogeneous substratum

surface act perpendicular to the surface (6, 23). This implies
that under ideal conditions shear cannot cause detachment,
but only sliding (lateral movement of adhering bacteria on a
surface) of an adhering organism until it encounters less fa-
vorable conditions on a surface and detaches. Whether sliding
occurs under the influence of shear depends on immobilization
forces, which must have a component parallel to the surface
and may arise from local heterogeneities or rugosities.

The wall shear rate that develops in a system depends not
only on the fluid flow rate (ml s�1) or fluid velocity (m s�1), but
also on the dimensions of the system. This point is often over-
looked in the literature, and many papers in which flow dis-
placement systems are employed report flow rates or fluid
velocities, leaving it to the reader to express results in terms of
wall shear rates, necessary for a comparison with other exper-
imental systems and environmental conditions (Table 1). The
simple realization that a flow in a riverbed leads to a different
wall shear rate than the same flow in a narrow pipe or tubing
illustrates the importance of reporting wall shear rates instead
of only flow rates, most certainly when the latter are given in
the absence of the dimensions of the flow chamber.

FIG. 4. Velocity and bacterial concentration as a function of depth in a parallel plate flow chamber. Convection and diffusion contribute to the
maintenance of a high microbial concentration near a substratum surface in flow displacement systems, whereas in stagnant systems mass transport
solely relies on diffusion. Convection in a flow displacement system contributes to the development of a stable concentration despite bacterial
removal from the suspension through adhesion.

FIG. 5. Examples of the influence of concentration on the kinetics of
microbial adhesion for equilibrium (top) and stationary endpoint (bot-
tom) adhesion. Equilibrium endpoint adhesion increases with bacterial
concentration in suspension, whereas for stationary endpoint adhesion the
endpoint is reached faster only upon a concentration increase.

TABLE 1. Summary of environmental shear rates, as taken
from the literature

Phenomenon Shear rate (s�1) Reference

Channels within a biofilm 60–300 86
Blinking of the eye 0.35 38
Bile drain 10 101
Oral cavity due to salivary flow 0.1–50 8
Oral cavity while biting an apple 200 28
Urinary catheter 15 98
Ship in harbor 50 1
Ship navigating (turbulent flow) 125,000 1
Flow of a film over a vertical plate 0.1 8
Tumbling or pouring 10–100 8
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Artifacts

Artifacts are most easily created in microbial adhesion ex-
periments, of which the “slight rinsing” and “dipping” artifacts
are the most notorious. The same surface tension forces that
allow small insects to walk on water can lift adhering micro-
organisms from a substratum when they intercept an adhering

organism (Fig. 6). Opposite to wall shear forces, these surface
tension detachment forces work perpendicular to a substratum
surface and thus directly oppose the adhesion forces. More-
over, the surface tension detachment forces can be in excess of
the adhesion forces by several orders of magnitude and cause
sizeable detachment of adhering microorganisms from sur-
faces. Unfortunately, this detachment is dependent on the mi-
crobial strain involved and whereas some strains and species
adhere strongly enough to withstand these detachment forces,
others show complete detachment upon one passage of a liq-
uid-air interface over a substratum surface (12, 30). In short,
these forces are not controlled in many experimental systems
and bear no realistic relationship to those experienced in nat-
ural systems.

The aim of this review is to present a comprehensive guide-
line to microbiologists interested in studying microbial adhe-
sion to surfaces with the aid of flow displacement systems,
focusing on laminar flow in spatially confined systems. First,
essentials of hydrodynamics will be briefly discussed, followed
by strategies for data analysis and design aspects of flow dis-
placement systems, including observation methodologies, as
well as their limitations. This of course does not complete a full
description of the proper use of flow displacement systems, and
especially the choice of organisms, whether fresh clinical iso-
lates or strains taken from a culture collection are used, is
influential on the final results (2), because strains tend to lose
their adhesive properties when kept in stock (46). However,
this issue is considered outside the scope of this review. This
review is concluded with selected examples, highlighting the
benefits of flow displacement systems.

ESSENTIALS OF HYDRODYNAMICS

Basic Equations for Fluid Flow in Model Systems

Flow rates and velocities. There are two commonly used
configurations of flow displacement systems by which most
situations occurring in clinical practice can be assessed. These
include flow through a cylindrical pipe or tubing as a model for,
e.g., urinary catheters, vascular catheters, bile drains, stents,
etc., and flow through a rectangular channel or between two
parallel plates, as for instance the surface of a voice prosthesis
versus the esophageal wall.

The (volumetric) flow rate, usually indicated as Q and ex-
pressed preferably in m3 s�1 or sometimes for practical reasons
in ml min�1 or ml s�1, describes the volume of fluid passing
through the system, regardless of its dimensions. The resulting
average velocity of the flow, vav (m s�1), on the other hand, is
greatly dependent on the cross-sectional area of the flow sys-
tem and can be simply obtained by dividing the flow rate by the
cross section, which equals � � r2 for a pipe or tubing with
radius r or w0 � h0 for a rectangular channel of width w0 and
height h0.

The velocity of the flow, however, is different at different
distances from the walls of a flow system and increases para-
bolically toward the center according to Poiseuille’s law. At the
wall, the flow velocity is zero.

Wall shear rates and other hydrodynamic forces. The main
hydrodynamic force exerted by the flow on an adhering organ-
ism is determined by the velocity gradient near the wall. This

FIG. 6. Schematic presentation of the different degrees of immer-
sion of a bacterium upon the passage of an air bubble. The air-liquid
interface velocity decreased from panel a to panel c, yielding to dif-
ferent degrees of immersion. d represents the distance between the
bacterium and the substratum surface, � is the angle giving the posi-
tion of the particle with respect to the air-liquid interface, � is the
contact angle between the surface of the bacterium and the air-liquid
interface, b is the liquid film thickness, �1v is the air-liquid interfacial
tension, and F� is the surface tension result of the air-liquid interfacial
tension exerted by the bend meniscus on the bacterium. (Reprinted
from reference 30.)
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force is proportional to the increase in fluid velocity from the
surface (where fluid velocity is zero), which is known as the
wall shear rate � (s�1). Wall shear rates can be calculated from
velocity profiles determined with either particle image veloci-
metry (79) or numerical simulation (3) using

� � 	dv/dh
 (1)

where v is the velocity in the direction of the main flow and h
(meters) is distance directed perpendicular to the substratum
surface in a flow chamber. For laminar flow in cylindrical and
rectangular displacement systems, wall shear rates can be cal-
culated by the equations listed in Table 2 (22). A summary of
the terms used in the equations discussed in this article appears
in Table 3.

The hydrodynamic force per unit surface area exposed to a
flow as a result of wall shear rate is directed parallel to the wall
and is defined as the shear stress �w (N m�2), which follows

from multiplying the shear rate with the absolute viscosity �
(kg m�1 s�1) of the fluid involved (53):

�w � �� (2)

Multiplication of the shear stress by the area of the adhering
organism as exposed to the flow directly yields the shear force
(N) acting on the organism. As, in principle, shear forces op-
erate at a 90-degree angle of the adhesive forces, acting per-
pendicular to a substratum surface, shear can only cause de-
tachment due to rolling phenomena in combination with minor
surface roughness and chemical heterogeneities. Indeed, bac-
terial detachments under such conditions have been observed
(78). Lift forces due to fluid flow do act perpendicularly to a
surface, but are generally considered too weak to cause micro-
bial detachment.

Dimensionless numbers: Reynolds and Péclet. In hydrody-
namics, dimensionless numbers are often used to describe cer-
tain properties of a system. These numbers are made dimen-
sionless, so that the properties to be derived from these
numbers are not influenced by system dimensions, such as
width, height, etc., or flow rate. The Reynolds number is an
important number, as it describes when flow changes from
laminar to turbulent. Most equations given in this paper deal
with a laminar flow, that is, Reynolds numbers less than 2,000.
Table 2 summarizes the equations needed to assess the Reynolds
number for different configurations. Table 2 also summarizes
the equations needed to calculate the so-called Péclet number.
The Péclet number defines the ratio of convective over diffu-
sional mass transport in a flow displacement system.

Mass Transport Considerations

Convective-diffusion equation. Microbial deposition from flow-
ing suspensions onto substratum surfaces depends critically on
mass transport processes. In fully stagnant systems, mass trans-
port is slow, because microbial transport is solely due to diffusion.
Typical values for microbial diffusion coefficient range from 2.9 �
10�13 m2 s�1 to 5.0 � 10�13 m2 s�1 (92, 107), indicating that
diffusional transport over a length equal to the dimensions of an
organism takes approximately 2 to 3 s. In flow displacement sys-
tems, mass transport is always a combination of convection and
diffusion. Since the fluid film adjacent to a substratum surface is
essentially stagnant too, crossing this diffusion boundary layer of
typical thickness of 0.06 � 10�4 m (92) requires about 7 s regard-
less of fluid flow. Convective fluid flow, however, is necessary to
maintain a high enough concentration near the substratum sur-
face to ensure favorable conditions for diffusion. Consequently,
mass transport in flow displacement systems is through a combi-

TABLE 2. Simple equations for wall shear rates, Reynolds and Péclet numbers, and approximated SL solutions for convective-diffusion
at a distance x from the flow system inlet, valid for cylindrical and rectangular flow displacement systems

Configuration
of the flow Wall shear rate Reynolds number Péclet number SL initial deposition rates

Cylindrical 3Q
�r 3

Q


�r�
3vav Rb

3

r 2D�
0.678

D� cb

Rb
�Pe � r

x �1/3

Rectangular 3Q
2	h0/2
2 w0


Q
	w0 � h0
�

3vav Rb
3

2	h0/2
2D�
0.538

D� cb

Rb
�Pe � h0

x �1/3

TABLE 3. Nomenclature with preferred units

Ab, blocked area (m2)
D�, diffusion coefficient, around 10�13 for microorganisms (m2 s�1)
E, efficiency of air bubble detachment
Le, development of steady laminar flow (m)
Pe, Péclet number
Q, volumetric flow rate (m3 s�1)
RB, microbial radius (m)
Re, Reynolds number
g(r), radial distribution function
h0, height of a rectangular channel (m)
j0, initial deposition rate (cm�2 s�1)
n(t), number of organisms adhering at time t (m�2)
n�, number of organisms adhering at time � (m�2)
r, radius of a cylindrical channel (m)
t, time (s)
td to ta, residence time of an adhering organism (s)
vav, average flow velocity (m s�1)
w0, width of a rectangular channel (m)
x, distance along the flow from the inlet (m)
�, deposition efficiency
�, desorption rate coefficient (s�1)
1/�, characteristic time for bond aging (s)
�1v, liquid surface tension (mJ m�2)
�, absolute viscosity (kg m�1 s�1) (10�3 kg m�1 s�1 for

aqueous solutions)
�, angle determining the position of an organism with respect

to an air-liquid interface (degrees)
�, contact angle between the surface of a microorganism and an air-

liquid interface (degrees)

, fluid density (kg m�3)
�, wall shear rate (s�1)
�, characteristic deposition time constant (s)
�w, wall shear stress (N m�2)
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nation of convection and diffusion (Fig. 4).
Sedimentation may contribute to mass transport as well,

both in a negative as well as in a positive sense, depending on
the configuration of the system. Sjollema et al. (82) in the past
have eliminated the contribution of sedimentation to mass
transport in a parallel plate flow chamber by arguing that
sedimentation negatively contributed to deposition to the top
plate of the chamber and positively to the bottom plate (pro-
vided horizontal positioning of the chamber), yielding the con-
clusion that by averaging the deposition rates on the top and
bottom plates a sedimentation-less deposition rate could be
obtained. Depending on the strain employed, deposition rates
for the top and bottom plates could differ by a factor of 7.

Mathematically, theoretical mass transport in a given flow
displacement system can be calculated by solving the so-called
convective-diffusion equation, which is an extremely compli-
cated mathematical procedure considered outside the scope of
this review and for which we refer the reader to reference 22.

Approximate solutions for current flow displacement systems.
Fortunately, approximate solutions such as the Smoluchowski-
Levich (SL) approximation exist for determining mass trans-
port in flow displacement systems (22). In the SL approxima-
tion it is assumed that the substratum surface acts as a perfect
sink, i.e., all microorganisms sufficiently close to the surface
adhere irreversibly. In general, however, experimentally ob-
served deposition rates are much smaller than predicted by the
SL approximation (56) unless the repulsive electrostatic inter-
actions between the collector surfaces and the depositing or-
ganisms are reduced by increasing the ionic strength of the
suspending fluid.

In the Smoluchowski-Levich solution, the attractive interac-
tions between microorganisms and a substratum surface are as-
sumed to be counterbalanced by increased viscous forces near the
surface. These assumptions in practice mean that the SL solution
for mass transport in flow displacement systems must be consid-
ered as an upper limit for the mass transport possible in a given
configuration. Calculation of this upper limit is strongly advised,
as it yields a reference number for the initial deposition rates
experimentally observed, whereas otherwise data would just
present a meaningless number. Moreover, the ratio between the
experimentally observed microbial deposition rates and the SL
deposition rates indicates the fraction of all arrivals of organisms
at a substratum surface that actually adhere, for which the term
deposition efficiency � has been reserved. Sjollema et al. (82), for
instance, noted that the deposition efficiency of oral streptococci
in a parallel plate flow chamber amounted to only 20 to 30% of
the theoretical upper limit given by the SL approximate solution
when accounting for sedimentation (Table 2 summarizes the SL
upper limits for mass transport in different flow displacement
systems). For polystyrene particles, however, with similar surface
hydrophobicity and charge, the deposition efficiency was only 5%,
from which it was concluded that fibrillar surface appendages
contribute to mass transport in a way not accounted for in the SL
approach.

Coagulase-negative staphylococci with little or no surface
charge could deposit on negatively charged biomaterials with
deposition efficiency higher than unity (1.4 to 1.9), likely be-
cause their radius, including the length of possible protruding
surface appendages, as necessary in the SL approach could not
be reliably assessed. Due to this phenomenon, their deposition

efficiencies to positively charged surfaces were found to be as
high as 2.4 (91).

Liquid-Air Interface

Detachment of an adhering microorganism from substratum
surfaces by a passing liquid-air interface or air bubble during
slight rinsing or dipping, as discussed above, is controlled by a
sequence of processes that includes the approach of the air
bubble to an adhering microorganism, interception of the or-
ganism by the air bubble, deformation of the air-liquid inter-
face, yielding a thin liquid film separating the organism and air
bubble, formation of a three-phase contact between an adher-
ing organism, air and liquid, and subsequent transport of the
bacterium-bubble aggregate away from the substratum surface
(30). Hence, the efficiency of microbial detachment (E) by a
passing air-liquid interface can be expressed as (35)

E � EC � EA � ES (3)

in which EC is the air bubble-organism collision efficiency, EA

is the bubble-organism attachment efficiency, and ES denotes
the stability of the bubble-organism aggregate.

The direction and velocity of the air bubble with respect to
the adhering microorganism determine the collision efficiency
(EC) (68). In a rectangular or cylindrical flow chamber, for an
air bubble fully spanning the width of the chamber, the colli-
sion efficiency is one. However, an air bubble moving in a
narrow channel is surrounded by a liquid film (10), the thick-
ness of which increases with increasing air bubble velocity. As
this liquid film thickness decreases, the collision efficiency in-
creases, as outlined in Fig. 6.

The interaction between a passing air bubble and an adher-
ing microorganism in an aqueous medium includes, apart from
hydrodynamic forces, Lifshitz-Van der Waals, electrostatic,
and hydrophobic (acid-base) forces (35). Hence, the bubble-
organism attachment efficiency (EA) will increase with cell
surface hydrophobicity (24). Note that an effective three-phase
contact between the bubble and an adhering organism (Fig. 6)
can only form when the bubble contact time is long enough to
thin the liquid film and form a three-phase boundary (36).
Hence, the bubble attachment efficiency (EA) will also increase
with decreasing air bubble velocity. During thinning of the
liquid film, a viscous force opposes the attachment of the
microorganism to the air bubble. This viscous drag force in-
creases with the size of the organism and the air bubble veloc-
ity (30).

Once and only if an effective three-phase contact between
the bubble and an adhering organism has formed, a balance
between the surface tension force, F�, the bacterial adhesion
force, FA, and the viscous drag force, F�, determines whether
detachment will occur. Evidently (Fig. 6), the surface tension
force opposes the adhesion and viscous drag forces depending
on the position of the three-phase contact and can be ex-
pressed by

F� � 2�RB�1v sin��	t
� sin�� � �	t
� (4)

in which RB is the radius of the bacterium, � represents the
angle determining the position of the bacterium with respect to
the air-liquid interface and � is the contact angle between the
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surface of the bacterium and the air-liquid interface (other
symbols follow from Fig. 6). Figure 7 presents the surface
tension detachment force as a function of � for different mi-
crobial contact angles or cell surface hydrophobicities, �. As
can be seen, for each cell surface hydrophobicity, the surface
tension detachment force passes through a maximum value at
a different degree of immersion of the adhering organisms
(compare Fig. 6).

Recent estimates of bacterial adhesion forces have become
available from atomic force microscopy and range from 7 to 4 nN
between sulfate reducing bacteria and Si3N4 or mica surfaces
(23). Such adhesion forces are orders of magnitude larger than
derived from hydrodynamic and centrifugal force measurements,
but much smaller than the surface tension detachment forces
induced by a passing air-liquid interface, ranging up to 200 nN, as
can be seen in Fig. 7. It is likely, however, that each experimental
technique measures a different type of interaction force. The tip
of an atomic force microscope is forced through the entire cell
surface until it hits the cell wall and thus has ample opportunity to
establish contact sites. In macroscopic adhesion, contact sites may
be confined to outer cell surface sites, while also the contact area
may be larger than when an atomic force microscope tip is ap-
plied. Reliable measurement and interpretation of microbial in-
teraction forces must thus be considered as a field still open for
research.

Once detached from a substratum surface, the balance be-
tween the surface tension forces acting on the microorganisms
as opposed to external forces in the flow (i.e., gravitational
force, buoyancy force, hydrostatic pressure and viscous drag
force opposing the separation of the organisms from the col-
lector surfaces) determines the aggregate stability (ES) (81).

DESIGN ASPECTS OF FLOW DISPLACEMENT SYSTEMS

Ideally, the design of a flow displacement system should
allow ample opportunity for the fluid flow to develop a steady,
laminar profile according to Poiseuille’s law. By analyzing the
velocity profile under relevant shear rates at different positions
in the system (Fig. 8) this can be checked and usually higher
shear rates set more stringent requirements to the design of a
system.

The area of a parallel plate flow chamber where a constant
velocity profile is present for a range of shear rates represents
the quality of that flow chamber. Alternatively, in a stagnation
point flow chamber, fluid flow changes from essentially stag-
nant in the center of a substratum surface and then increases
radially outward. This enables us to study microbial deposition
under various shear conditions in one and the same experi-
ment, although the use of a stagnation point flow chamber
requires transparency of the substrata under study, opposite to
the parallel plate flow chamber. The parallel plate flow cham-
ber offers more versatility with respect to the choice of sub-
strata and in addition is conceptually much simpler than the

FIG. 7. Theoretically calculated surface tension detachment forces from F� � 2�RB�1v sin��	t
� sin�� � �	t
� for different values of � and �, for a
bacterium of radius RB 800 nm and �1v 72 mJ m�2. Positive forces are directed away from the substratum surface. (Reprinted from reference 30.)

FIG. 8. Development of an established parabolic flow between paral-
lel plates.
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stagnation point flow chamber. Therefore, the parallel plate
flow chamber will be used in the next sections to illustrate the
importance of design features of a flow displacement system.
In this section too, attention will be paid to observation meth-
odologies and data analysis strategies.

Development Length and Design Aspects in the
Parallel Plate Flow Chamber

In the design of a flow chamber, concessions have to be
made quite frequently due to limitations in size, construction
material, reuse and flexibility of the substratum, and eventually
the costs of construction. Yet the design appears crucial if a
flow chamber is to be applicable over a wide range of flow
rates. Several designs currently used (4) are flawed in the
design of the inlet and outlet, because only a minor fraction of
the bottom plates could be used for adhesion studies, and then
again, only over a limited flow range. To indicate the impor-
tance of the inlet design, Fig. 9 compares the flow in the inlet
of two parallel plate flow chambers. The gradual transition in
a parallel plate flow chamber A (Fig. 9, top) results in an area
with high fluid velocity, which remains located at the same
position for high and low flow rates, without affecting the
establishment of flow in the observation area. At low flow rate
in differently designed parallel plate flow chamber B (Fig. 9,
bottom), which is characterized by an inlet with two sharp
bends, a Poiseuille flow already develops close to the inlet,
whereas at a slightly higher flow rate a clearly disturbed flow
enters the chamber, indicated by changing fluid velocities in
the length direction (the irregular color distribution).

Although parallel plate flow chamber A has the inlet and outlet
positioned under an angle, it still allows the largest range in shear
rates to be used, due to the length of the channel. The design
highly affects the region for uniform flow and subsequently ob-

servation of microbial adhesion. In combination with the length
available for establishment of flow, the inlet geometry determines
whether a flow chamber can be used as a valid model to study
bacterial adhesion for the problem under investigation.

Some simple calculations allow determining the length re-
quired for the desired flow to develop. For a rectangular cross
section (9, 96) the distance Le required for the establishment
of a steady, laminar flow is calculated as follows.

Le � constant � h0 � Re (5)

Values for the proportionality constant range from 0.013
(96) to 0.044 (9), the latter constituting a more stringent cri-
terion. Based on the Bowen criterion, for a flow displacement
system with inlet and outlet in the direction of the flow and
allowing 2.5-cm establishment length, Re numbers up to 1,000
can be applied. For most dimensions of flow chambers pub-
lished in the literature this coincides with shear rates well over
10,000 s�1, covering the clinically relevant range of shear rates
(Table 1). In other words, the ideal flow chamber is as long as
practically possible and should avoid changes in the direction
of flow, i.e., the directions of the inlet and outlet should be in
the direction of flow through the chamber.

Observation Methodologies

For observation of adhering microorganisms in flow dis-
placement systems, a distinction should be made between
transparent substrata and nontransparent substrata. Phase-
contrast microscopy is ideal for transparent substrata, but un-
fortunately dental enamel, bone, and metals, often being sub-
strata for microbial adhesion in clinical microbiology, are not
or not ideally transparent. It is a matter of choice whether one
wants to change to transparent substrata in these cases. Al-
though often microbial adhesion will be affected less by a

FIG. 9. Modeled velocity profiles in longitudinal cross section from the inlet to the center of parallel plate flow chambers. Top chamber A shows
a well-developing profile that has become established within 25% of the length of the chamber (no more changes in color or color widths), whereas
the bottom chamber B continues to develop over more than half the length of the chamber. Scale colors indicate flow velocities. (Reprinted from
reference 4.)
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different choice of substratum after a proteinaceous condition-
ing film has developed as in most clinical conditions (33),
microbial detachment may be strongly influenced by a different
substratum choice and if possible one should preferably use the
relevant material. For dental enamel, for instance, this can be
achieved by preparing ultrathin enamel slides, with a thickness
of around 30 �m. Such ultrathin enamel samples are essen-
tially transparent when fixed on a glass slide and can be used in
combination with phase-contrast microcopy (93).

Alternatively, if the sample possesses a certain reflectivity,
incandescent dark-field illumination can be directed under a
low angle of incidence, applying the light scattered by the
adhering organisms for image formation (84). For metals, a
metallurgical microscope, with incident light and applying the
reflected light for imaging (94), gives surprisingly good images
of adhering microorganisms.

The final solution of all imaging problems is based on the
use of fluorescence microscopy, including the confocal laser
scanning microscope. The additional advantage of this is that
more advanced stages of biofilm formation, i.e., beyond the
level of initial adhesion, can also be observed by optical sec-
tioning techniques. Unfortunately, cell surface properties are
often affected by staining or labeling (26) with a potential
impact on their adhesion to substratum surfaces. Escherichia
coli and Serratia marcescens strains, for instance, became
slightly less hydrophobic, although not statistically significantly,
upon green fluorescent labeling, depending on the E. coli
strain involved. Caution should thus be practiced when per-
forming adhesion experiments with labeled cells. Use of green
fluorescent protein (GFP)-expressing cells circumvents these
problems. GFP is fused to a constitutively expressed promoter,
which ensures expression of the protein at any time during
growth and development. Rice et al. (76) used GFP-expressing
Pseudomonas aeruginosa to study biofilm formation in a par-
allel flow chamber in combination with confocal laser scanning
microscopy. An additional advantage of the use of GFP pro-
moter fusions is that it allows in situ visualization of gene
expression (41).

The ultimate aim of the image analysis is to prepare a file
with the number of adhering organisms as a function of time,
preferably with adhering organisms separated according to sin-
gle adhering organisms or higher-order multiplets. The first
step in the analysis of the images obtained is discrimination of
adhering organisms from the background and subsequently
distinguishing between singly adhering organisms and multi-
plets. The human eye is superior to this end, but manual
enumeration of adhering microorganisms on a surface is ex-
tremely time-consuming. Furthermore, it is often not realized
that manual enumeration is not without error either. Meinders
et al. (58) requested 19 experienced researchers to count sev-
eral different types of bacteria adhering to a variety of sub-
strata and reported a 5% standard deviation over the group.

During image collection, due to the finite depth of focus of
all imaging systems, not only adhering organisms are captured,
but also in-focus organisms moving along with the flow, just
above the substratum surface. Clearly, these organisms must
be eliminated from the enumeration (Fig. 10). This can be
done by addition or multiplication of two subsequently stored
images. Since moving organisms will appear at different loca-
tions in two subsequent images, the contrast of an adhering

organism will be enhanced this way. Next, a proper threshold
has to be installed (58, 83), differentiating the gray value of an
adhering organism from the background. Usually these steps
suffice for reliable enumeration of adhering organisms with
errors arising that are numerically similar to manual counting.
Meinders et al. (58) even noted that addition or multiplication
methods were strictly not necessary, provided the proper
threshold was installed. Since, however, most researchers have
difficulty installing the proper threshold, addition or multipli-
cation methods are strongly recommended.

The next problem faced in automated enumeration is to
determine the number of adhering organisms in adhering mul-
tiplets. Simple methods are based on area considerations,
whereas the difficulty in solving this problem greatly depends
on the resolution of the image analysis system. Wit and
Busscher (106) proposed the use of an artificial neural network
to teach the computer about shape, size, and contrast for
determining what is an adhering organism. Artificial neural
networks appeared highly useful for the enumeration of ad-
hering organisms on subideal substrata such as slightly turbid
silicone rubber. In other ways, artificial neural networks per-
formed as well as conventional filters.

An extremely advanced mode of image analysis has been
applied by Meinders et al. (57) to prepare a file containing not
only the number of adhering organisms at each point in time,
but also the times of arrival and departure of each adhering
organism, in case of desorption. This method requires exact
matching of different images, as a minor displacement of the
field of view causes the analysis to decide that all adhering
organisms have desorbed. Exact matching of images can be
established, e.g., by particle tracking methods, as proposed
later by Wit and Busscher (105).

FIG. 10. Flow diagram of methods compared to eliminate in-focus
flowing bacteria from automated image analysis. Top: Two snap-shot
images taken at times t and t � �t, with both adhering and flowing
bacteria indicated in black. Left: Subtraction of both snap-shot images
taken at t and t � �t, and including background subtraction and
Laplace filtering yields an image with only adhering bacteria (black
dots). Middle and right: After addition (middle) or multiplication
(right) of two snap-shot images, the background is subtracted and the
image is Laplace filtered. As a result of this procedure the flowing
bacteria obtain higher gray values than adhering bacteria. After filtra-
tion, the images are thresholded and the number of adhering bacteria
can be determined.
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Strategies for Data Analysis

Strategies for data analysis are numerous and the depth of
analysis one wants to achieve, together with the sort of data file
obtained, determines the final choice. We will describe strate-
gies for data analysis, starting with the simplest possibility and
ending with the most extensive one.

Strategy I. Presentation of the number of adhering bacteria
per unit area at a fixed point in time is the simplest strategy,
but in nearly all cases inadequate. Kinetic effects (see for
instance Fig. 1) are completely neglected and erroneous con-
clusions regarding the ability of a given strain to adhere to a
given substratum for its adhesiveness can easily result.

Strategy II. If a short time series, say of about 30 min, is
obtained, this usually suffices to calculate the so-called initial
deposition rate (j0, cm�2 s�1) from linear regression analysis of
the number of adhering organisms versus time. Since the initial
deposition rate reflects the interaction of an organism for a given
substratum without intervening influences of already adhering
organisms, this is a highly useful parameter, especially since it can
be compared with the theoretical maximum for the experimental
conditions applied according to Smoluchowski-Levich.

Strategy III. If the time series is more prolonged, it is rec-
ommended to calculate the initial deposition rate according to
the above strategy (II) and subsequently evaluate adhesion in
a more advanced state by presenting the number of organisms
adhering in a more advanced state, i.e., after several hours (this
then also reflects interactions between adhering organisms,
apart from substratum interactions with the adhering organ-
isms). Sometimes the data follow an exponential according to
the following equation.

n	t
 � n�	1 � e�t/�
 (6)

The characteristic adhesion time � is determined by a combi-
nation of deposition, blocking and desorption, according to

1/� � � � j0 Ab (7)

in which Ab represents the area on the substratum surface
blocked by one adhering bacterium and � is the desorption
rate coefficient. One should be cautious, however, as fre-
quently the above exponential function is poorly obeyed by
adhering microorganisms.

Strategy IV. The two unknowns, Ab and �, from equation 7
can be further elaborated from blocked areas derived from
so-called radial pair distribution functions g(r), as can be cal-
culated from the spatial arrangement of the adhering bacteria
(Fig. 3). Radial pair distribution functions denote the local,
relative density of adhering organisms as a function of the
distance from a center organism, normalized with respect to
the average density over the entire substratum. When micro-
organisms are randomly distributed over an entire substratum
surface, g(r) equals 1. However, if there is preferential adhe-
sion at a given separation distance r between adhering bacteria,
then g(r) is �1. Figure 3 gives an example of a radial distribu-
tion function and as can be seen there is a certain distance
from an adhering particle where the local density of adhering
organisms is relatively low. This region can be associated with
the blocked area Ab in equation 7, and therewith for the cal-
culation of the desorption rate coefficient �.

Strategy V. Finally, if residence times td to ta have been
successfully obtained, a time-dependent desorption rate coef-
ficient (19) can be calculated that allows us to account for
strengthening of the adhesive bond, as due for instance to
extracellular polymeric substance (EPS) production by adher-
ing organisms or other physicochemical processes occurring,
such as the progressive removal of interfacial water. The time-
dependent desorption rate coefficient is defined as

�	t � �
 � �� � 	�� � �0
e���t � 	td � ta
� (8)

where 1/� is a characteristic time constant for bond aging.
Depending on whether the initial desorption rate coefficient �0

is larger or smaller than the final value ��, bonds are assumed
to strengthen or weaken during aging. Combination of equa-
tion 8 with equations 6 and 7 yields, after some modification,
complicated expressions for the number of adhering organisms
as a function of time that are considered outside the scope of
this review.

SELECTED EXAMPLES OF USE OF FLOW
DISPLACEMENT SYSTEMS

Adhesion, Growth, and Detachment of Streptococcus mutans
from Dental Enamel

S. mutans is considered one of the most cariogenic strains in
the human oral cavity and preventive measures in dentistry are
aimed at reducing its prevalence at the tooth surface. Appli-
cation of detergents in oral health care products may assist
dental plaque control through detachment of plaque organ-
isms, although in most formulations detergents are added with
the sole aim of stimulating foam formation, which is consid-
ered emotionally desirable by the consumer population (69).
Sodium lauryl sulfate (SLS) is one detergent used to this end.
When S. mutans was allowed to adhere to ultrathin dental
enamel slabs (43), as described above, 6.2 � 106 bacteria could
be adhered per cm2 in 4 h and their detachment as induced by
4% (wt/vol) SLS solution was quite high (65%) (Table 4).
However, if the flow chamber was perfused with defined me-
dium supplemented with 0.2% glucose (43) medium after ini-
tial adhesion and adhering bacteria were allowed to grow,
adhesion became much stronger, although image analysis did

TABLE 4. SLS-stimulated detachment of initially adhering S. mutans
HG 985, early and late stage, in growing S. mutans biofilms from

enamel surfaces in a parallel plate flow chamber

Biofilm type
Mean no. of bacteria

on the surface
before SLSa � SD

Detachment
(%)

Initial adhesion (2 h adhesion) 6.21 � 1.78b 65
Early stage (4 h growth) 0.30 � 0.14c 27
Late stage (16 h growth) 0.85 � 0.16c 0

a Mean value over 10 images from random positions on the enamel surface.
Data are from Landa et al. (43).

b Numbers of bacteria (106 cm�2) from which the percent detachment is
derived for initial adhesion.

c Fractional surface coverage from which the percent detachment is derived
for early- and late-stage biofilms.
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not allow calculation of the number of adhering bacteria any-
more and results had to be expressed in percent surface cov-
erage. Based on the surface coverage, only 27% of the early
biofilm could now be detached by SLS, whereas a late-stage
biofilm was essentially irreversible.

Whereas the relevance of this study for dentistry has been
described elsewhere (44), this experiment in the parallel plate
flow chamber also shows the power of flow displacement sys-
tems to study bacterial adhesion and detachment in one and
the same experiment. Moreover, at the same time, it illustrates
the difference between initially adhering bacteria and bacteria
adhering in a later stage of biofilm formation.

Growth of a Pseudomonas aeruginosa Biofilm in a
Flow Displacement System

Biofilms are complex communities of microorganisms in the
natural environment. The current conceptual model of a bio-
film is an ingeniously complicated multispecies entity where
ecological microniches are created and occupied by specific
organisms (16). After attachment of the colonizing bacteria,
growth of the sessile population occurs. Although there is a
reasonable amount of research done on all the steps in biofilm
formation (66), a great deal of current interest resides in un-
derstanding the manner in which reversibly adhered bacteria
make the transition to irreversible adhesion. Using GFP-la-
beled P. aeruginosa (76), the growth characteristics of plank-
tonic bacteria and the initially adhering and secondary bio-
film bacteria have been compared in a parallel plate flow
chamber. The initially adhering bacteria showed an increase
of 15% in surface population during the first 12 h, whereas
the secondary cells demonstrated an increase of surface
population of 108% during 12 h. Planktonic bacteria did not
have a lag time and showed an increase of 1,000% in pop-
ulation during the first 12 h. The results indicate that when
a P. aeruginosa cell makes the transition from a planktonic
to a sessile environment, there is a lag in growth. This
observation is consistent with the concept that these cells
undergo a phenotypic change. The amount of time to initi-
ate these changes is very different and dependent on the

strain, solid substratum, and number of genes which are up-
or downregulated (17).

Coadhesion of Yeast and Bacteria to Voice Prosthesis Material

Oropharyngeal infections due to adhering yeast and bacteria
are common in AIDS patients (15) and bone marrow trans-
plant recipients (37), while they are also responsible for a
number of biomaterial-related infections, such as denture sto-
matitis (75) or malfunctioning of silicone rubber voice pros-
theses in laryngectomized patients (50, 67). A variety of dif-
ferent causative organisms have been identified, including
Candida species, staphylococci, streptococci, and enterococci.
Candida species have been associated with biomaterial in-
growth and deterioration of voice prostheses in general.

Adhesive interactions between yeast and bacteria on silicone
rubber can also be determined in a parallel plate flow chamber
(62) by preadhering bacteria on eight different positions on the
bottom plate of a parallel plate flow chamber and subsequently
measuring the deposition of yeast from a flowing suspension.
Using this so-called dot assay, it has been observed that pre-
adhesion of bacteria to a surface generally does not stimulate
adhesion of yeasts (Table 5). Instead, it appeared that different
bacterial strains suppressed adhesion of yeast to various de-
grees. Table 5 provides a selection of coadhesion data from
Millsap et al. (61). In saliva, Rothia dentocariosa and Staphy-
lococcus aureus GB 2/1 enhanced adhesion of yeasts, especially
Candida albicans. This study shows that bacterial adhesion
mostly reduces subsequent adhesion of yeasts, while only a few
bacterial strains stimulate adhesion of yeasts, provided salivary
adhesion mediators are present. Interestingly, different clinical
studies have identified Rothia dentocariosa and Staphylococcus
aureus in biofilms on explanted voice prostheses of patients
needing extremely frequent replacement, while C. albicans is
one of the yeasts generally held responsible for silicone rubber
deterioration.

Flow displacement systems can thus also be ideally used to
study adhesive interactions between microorganisms, while the
time-consuming nature of the experiments has been circum-
vented in the dot assay as proposed by Millsap et al. (62) by
preadhering eight different bacterial strains on different posi-
tions on a single bottom plate of the chamber.

TABLE 5. Initial deposition rates of Candida spp. to silicone rubber
in the presence of adhering bacteria from either buffer or saliva,

expressed as a percentage of the initial deposition rate of the
yeast on silicone rubber in the absence of adhering bacteriaa

Bacterial strain

Deposition rate (% of initial rate)

C. albicans
GB 2/1

C. krusei
GBJ 18/4a

C. tropicalis
GB 9/9

Buffer Saliva Buffer Saliva Buffer Saliva

R. dentocariosa GB 52b 3 158 3 59 26 98
R. dentocariosa GB 53d 3 159 6 51 47 87
S. aureus GB 2/1 8 141 4 94 35 135
S. epidermidis GB 9/6 9 10 5 26 23 60
S. epidermidis A GB 51b 4 29 6 44 23 70

a Results in excess of 100% are printed in bold. Results from triplicate exper-
iments using freshly cultured bacteria and yeasts yield an average standard
deviation of 30%. Data are from Millsap et al. (62).

TABLE 6. Initial deposition and detachment of P. aeruginosa strain 3
to Etafilcon A contact lenses in a parallel plate flow chamber prior to
and after exposure of the lenses to four multipurpose lens care solutionsa

Solution j0 (cm�2 s�1) n2h (106 cm�2) dair (%) dsolution (%)

Saline 1,617 10.7 1 0

Lens care
(solution)
A 1,259 8.9 9 15
B 2,221 9.4 0 35
C 3,138 12.0 5 32
D 1,842 8.0 6 42

a Data include initial deposition rates j0, number of bacteria adhering after 2 h
(n2h), and percent detachment stimulated by the passage of an air bubble
through the flow chamber (dair) or by perfusing the chamber with a lens care
solution (dsolution). Data are from Bruinsma et al. (11).
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Adhesion of Bacteria to Contact Lenses and Interference
by Lens Solutions

The number of people wearing contact lenses as an alterna-
tive to spectacles is steadily increasing and the use of contact
lenses has become a major predisposing factor for the occur-
rence of microbially induced keratitis (48). Adhesion to and
detachment of bacteria from contact lenses plays an important
role in the development of infectious keratitis, where biofilms
formed in contact lens casings provide a continuous source of
microorganisms (32, 54). Cleansing of contact lens surfaces is
facilitated through the use of lens care solutions to remove
adsorbed tear film components and to kill and detach possible
adhering bacteria (20).

Due to their finite dimensions, it is possible to fix contact
lenses on the bottom plate of a parallel plate flow chamber and
study bacterial adhesion and detachment by lens care solu-
tions. Table 6 illustrates this possibility of flow displacement
systems, summarizing the initial deposition rates of Pseudomo-
nas aeruginosa 3 to Etafilcon A contact lenses after exposure to
different lens care solutions, as well as the percent detachment
of adhering bacteria by the passage of an air bubble or by
perfusing the flow chamber with a lens care solution or phys-
iological saline. Lens care solutions appeared to have different
abilities to detach bacteria from contact lens surfaces, while all
lens solutions involved in this study leave adsorbed compo-
nents on contact lens surfaces, which positively or negatively
influence adhesion of P. aeruginosa strain 3. Compared to a
detergent such as sodium lauryl sulfate (43), however, these
lens care solutions have very poor cleaning power and are
aimed solely at killing the adhering bacteria, as evidenced by
the low detachment percentages, which is unfortunate, as they
leave a film of dead bacteria that acts as a substratum to which
new bacteria can adhere (5).

Influence of Antibiotics on Bacterial Adhesion

Biomaterial-related infections are quite common (recent es-
timates by the Centers for Disease Control link 65% of all
systemic infections to biofilm formation) and pose an enor-
mous burden to the health care system, as the fate of an
infected implant is usually removal. The path of entry of in-
fecting organisms in this case can be perioperative, during
hospitalization, or postoperative. Especially during periopera-
tive infection and infection during hospitalization, adhering
bacteria are likely to have been exposed to (sub)inhibitory
concentrations of antibiotics. The exposure of bacteria to an-

tibiotics can reduce their adhesion to surfaces, as demon-
strated by the reduction in Staphylococcus epidermidis adhesion
to antibiotic-impregnated catheters (39), which has been asso-
ciated with induction of biofilm-related gene expression in the
same organism. However, adhesion of Enterococcus faecalis
1131 grown in the presence of one-eighth the MIC of vanco-
mycin to silicone rubber in a parallel plate flow chamber
(Table 7) demonstrated that a subinhibitory concentration of
vancomycin increased adhesion of Enterococcus faecalis to sil-
icone rubber (27), possibly as a survival mechanism to protect
themselves on the surface against antibiotic attack. Ampicillin
did not have such an effect.

This example of the use of the parallel plate flow chamber
bears close relation to clinical practice, as the increased adhe-
sion of the strain exposed to subinhibitory concentrations of
vancomycin yields an important consideration before adding
vancomycin to slow-release delivery systems (21, 34, 104), par-
ticularly because for many infectious strains, vancomycin is the
drug of last resort and incorporation of other types of anti-
biotics (21, 52, 89, 99) has failed.

CONCLUSIONS

In conclusion, this review shows the potential of flow dis-
placement systems in the study of microbial adhesion and
detachment. Experimental set-up and ways to analyze data
have been presented that will allow better comparison, on a
more quantitative basis, of adhesion data from different labo-
ratories over the world. Such is imperative to advance the field.
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