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BACTERIAL ADHESION 

Bacterial adhesion occurs to virtually all surfaces exposed to an aqueous 

environment and leads to the subsequent growth of a biofilm. Biofilms may be 

beneficial, for instance in bio-remediation and trickle filters, or deleterious when 

formed on the surfaces of heat exchanger plates and ship hulls and on biomedical 

devices [1-3]. Because bacterial infections associated with biofilms cannot easily 

be cured by antibiotic therapy, biomaterial associated infections are one of the 

main reasons for the failure of devices such as catheters, vascular grafts, joint 

prostheses, and heart valves [4-6]. Therefore, the mechanisms and kinetics of 

bacterial adhesion onto surfaces are a critical issue in a broad range of scientific 

disciplines, ranging from medicine, dentistry and microbiology to colloid and 

surface science. 

FLOW DISPLACEMENT SYSTEMS  

Flow displacement systems to study the kinetics of bacterial adhesion to surfaces 

under controlled hydrodynamic conditions have been well established [7-12]. 

Observation of bacterial adhesion in these systems can be accomplished by 

conventional phase contrast, metallurgical or fluorescence microscopy and can be 

supported by real-time automated enumeration of adhering bacteria [10-12]. 

The methodology of microscopic monitoring of bacterial adhesion is based 

on the hypothesis that adhering bacteria are homogenously distributed over the 

entire substratum and that bacterial adhesion can be characterized based on 

microscopic observations on small localized areas of around 200  300 µm. 

Bacterial adhesion within a flow chamber is a complex dynamic process, including 
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bacterial mass transport toward the substratum, bacteria-surface interaction and 

subsequent attachment and detachment. Heterogeneities have proven to be 

ubiquitously present, not only on bacterial cell [13-14] and substratum surfaces 

[15], but also in hydrodynamic and mass transport conditions prevailing over the 

length and width of a flow chamber [16]. Therefore macroscopic approaches, 

averaging out these heterogeneities, will be attractive to gain more 

comprehensive knowledge about bacterial mass transport and adhesion in flow 

displacement systems. 

MACROSCOPIC FLUORESCENCE IMAGING 

Along with bioluminescence imaging, macroscopic fluorescence imaging has 

emerged recently as a promising technique for the study of bacterial infection in 

vivo on a macro-scale (i.e. with a resolution > 0.3 mm) [17-20]. In studying 

bacterial infection, fluorescence imaging can be categorized into two main 

methodologies. Firstly, bacteria can be detected directly when fluorescence is 

originating from bacteria or activated by bacteria. Secondly, fluorescence imaging 

can be used to assess the immune system activity, an indirect way of measuring 

bacterial presence in living hosts. Within each of the two methodologies, 

fluorescence can emanate from activatable [21] or targeted fluorescent probes 

[22] or, as a second modality, fluorescence can be expressed by fluorescence 

proteins within bacteria or immune cells. Many different variations of green 

fluorescent protein have been developed via natural evolution, and recently 

fluorophores have become available for a large number of emission colors in the 

visible spectrum and near infrared [23-26]. It is nowadays increasingly easy to 

genetically modify pathogenic bacteria and make them fluorescent, which makes 
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this modality suitable for in vivo and in vitro bacterial adhesion studies. Moreover, 

in vitro it allows the study of bacterial adhesion over a much larger substratum 

area than can be achieved by microscopic observations when used in combination 

with macroscopic imaging. Macroscopic fluorescent imaging is accomplished by 

trans-illumination or reflection at single or multiple excitation wavelengths and 

subsequent detection using a charge-coupled device, after which the signal 

intensity can be quantitatively related with the number of bacterial cells over the 

entire field of view.  

AIMS OF THIS THESIS 

The first aim of this thesis is to develop an in vitro macroscopic fluorescence 

imaging method to study bacterial adhesion in flow displacement systems. Based 

on an analysis of bacterial mass transport in Chapter 2, a new methodology for 

the analysis of bacterial mass transport and adhesion on both transparent, non-

transparent and reflective materials in a parallel plate flow chamber will be 

established in Chapters 3 and 4.  

In addition, fluorescence imaging in flow chambers offers an elegant way 

of studying the narrow contact area between bacteria and metal substrata and its 

development over time. Fluorescence arising from fluorescent material close to a 

reflecting surface is increased due to a phenomenon called “surface enhanced 

fluorescence” [27, 28]. Therefore, as a second aim of this thesis, we set out in 

Chapters 4 and 5 to gain information on the contact area between adhering 

bacteria and substratum surfaces, making use of the phenomenon of surface 

enhanced fluorescence.  
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ABSTRACT 

In order to investigate bacterium-substratum interactions, understanding of 

bacterial mass transport is necessary. Comparisons of experimentally observed 

initial deposition rates with mass transport rates in parallel-plate-flow-chambers 

(PPFC) predicted by convective-diffusion yielded deposition efficiencies above 

unity, despite electrostatic repulsion. It is hypothesized that sedimentation is the 

major mass transport mechanism in a PPFC. The contribution of sedimentation to 

the mass transport in a PPFC was experimentally investigated by introducing a 

novel microscopy-based method. First, height-dependent bacterial concentrations 

were measured at different times and flow rates and used to calculate bacterial 

sedimentation velocities. For Staphylococcus aureus ATCC 12600, a sedimentation 

velocity of 240 m h-1 was obtained. Therewith, sedimentation appeared as the 

predominant contribution to mass transport in a PPFC. Also in the current study, 

deposition efficiencies of S. aureus ATCC 12600 with respect to the Smoluchowski-

Levich solution of the convective-diffusion equation were four-to-five fold higher 

than unity. However, calculation of deposition efficiencies with respect to 

sedimentation were below unity and decreased from 0.78 to 0.36 when flow rates 

increased from 0.017 to 0.33 cm3 s-1. The proposed analysis of bacterial mass 

transport processes is simple, does not require additional equipment and yields a 

more reasonable interpretation of bacterial deposition in a PPFC.  
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INTRODUCTION 

Bacterial adhesion occurs to virtually all surfaces exposed to an aqueous 

environment and leads to the subsequent growth of a biofilm. Biofilms can be 

found nearly everywhere, such as in groundwater, pipelines in waterworks, 

wastewater treatment plants, on the surfaces of heat exchanger plates and 

biomedical devices, and on ship hulls [1-5]. Flow displacement systems are widely 

used to study bacterial adhesion to surfaces [6-10] as they allow control of 

hydrodynamic conditions, including shear rates and mass transport. 

Bacterial mass transport in flow displacement systems is generally 

established by a combination of convection, diffusion and sedimentation. 

Previous studies on bacterial mass transport in a parallel plate flow chamber 

(PPFC) have adopted the Smoluchowski-Levich (SL) approximation of the two-

dimensional convective-diffusion equation to predict mass transport in the 

absence of gravitational, colloidal and hydrodynamic interactions [11] to either 

the top or bottom plate of a chamber [12-14]. In the SL approximation, it is 

assumed that the substratum surface acts as a perfect sink (i.e. every particle or 

bacterium that arrives at the surface adheres irreversibly). Accordingly, the ratio 

between the experimentally observed initial deposition rate, j0, and the bacterial 

mass transport rate calculated by SL approximation, j0
*, indicates the fraction of 

bacteria arriving at the surface that manages to adhere successfully under the 

influence of the interaction forces between arriving bacteria and the substratum 

surface. For this reason, the ratio j0/j0
* is also referred to as “deposition efficiency”.  

Electrostatic repulsion usually exists between bacterial cell surfaces and 

most substratum surfaces [15, 16], which negates the assumption made in the SL 

approximation that the substratum surface should act as a perfect sink. Hence, 
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deposition efficiencies with respect to the SL approximation should be smaller 

than unity. However, values in excess of unity have been reported for different 

bacterial strains and species. Streptococcus cricetus showed a high deposition 

efficiency of almost 2 to the bottom polymethylmethacrylate plate of a PPFC [12], 

while also Streptococcus thermophlius B to the bottom glass plate of a PPFC had a 

deposition efficiency in excess of unity [13]. Deposition efficiencies of six 

coagulase-negative staphylococcal strains to negatively charged acrylate bottom 

plates were as high as 1.4 [14]. Deposition efficiencies in excess of unity have 

been largely attributed to the complex structural and chemical nature of bacterial 

cell surfaces and it has even been envisaged that nanoscopic surface appendages 

protruding from bacterial cell surfaces penetrate the energy barrier between two 

negatively charged surfaces to give strong primary minimum adhesion. However, 

these explanations are largely hypothetical, while a much more simple 

explanation might be that the mass transport rate as derived from the SL 

approach with respect to which the deposition efficiency is calculated, 

underestimates the actual mass transport rate towards the substratum. 

Therefore, in order to gain a more comprehensive understanding of 

bacterial mass transport in a PPFC we present a new microscopy-based 

experimental method to determine the contribution of sedimentation to bacterial 

mass transport. The method is illustrated for a staphylococcus strain, but is 

equally applicable to other bacterial strains as well as to inert colloidal particles 

and does not require additional equipment.   
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MATERIALS AND METHODS 

Bacterial strain and culture conditions  

Staphylococcus aureus ATCC 12600 used in this study was physico-chemically 

characterized previously [17] and cultured aerobically from a blood agar plate in 

10 cm3 Tryptone Soya Broth (OXOID, Basingstoke, England) at 37°C. After 24 h, 

several colonies were used to inoculate 200 cm3 Tryptone Soya Broth for 16 h at 

37°C, and harvested for use. Bacteria were pelleted by centrifugation (Beckman 

J2-MC centrifuge, Beckman Coulter, Inc. Brea, CA, USA) for 5 min at 6500 rpm via 

a JA14 rotor (4000 x g) and resuspended in 10 cm3 PBS (5 mM K2HPO4, 5 mM 

KH2PO4, 0.15 M NaCl, pH 7.0). Centrifugation was done twice in order to remove 

all traces of growth medium. To break bacterial aggregates, sonication at 30 W 

(Vibra Cell Model 375, Sonics and Materials Inc., Danbury, CT, USA) was applied (3 

times 10 s), while cooling in an ice/water bath. Finally, bacteria were resuspended 

in PBS to a concentration of 3  108 cm-3, as determined in a Bürker-Türk counting 

chamber.  

Substratum surface and parallel plate flow chamber   

Glass slides (7.62.60.1 cm, Menzel-Glaser, Menzel GmbH & Co KG, Germany) 

constituted the top and bottom plates of the PPFC. Prior to use, slides were 

sonicated for 3 min in 2% RBS35 (Omnilabo International BV, The Netherlands) 

followed by thorough rinsing with tap water, demineralized water, methanol, tap 

water and finally demineralized water again to obtain a hydrophilic surface with a 

zero degrees water contact angle and a zeta potential by streaming potentials in 

PBS of -8 mV. The top and bottom glass plates of the chamber on which bacterial 

adhesion was observed, were placed in the middle of a stainless steel frame (17.5 
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x 4 cm) and are separated by a Teflon spacer creating a flat channel with a length 

of 17.5 cm, a height of 0.058 cm and a width of 1.70 cm and a gradually diverging 

and converging (62 degrees) inlet and outlet region [10,13]. In this configuration, 

an established flow develops within 2-3 cm from the inlet [10] under laminar 

conditions. No microscopic flow disturbances were observed due to the steel-

glass junction, as judged from the absence of irregular bacterial movements along 

the surface. 

Prior to use, the flow chamber was washed with 2% Extran (Merck, 

Germany) and rinsed thoroughly with tap water and demineralized water before 

mounting clean glass slides in the chamber. The flow chamber was positioned 

between two communicating vessels, and the system was filled with PBS while 

care was taken to remove all air bubbles. In- and outlet vessels of PBS and 

bacterial suspension were placed at different heights to create a pulse-free flow 

by hydrostatic pressure. The difference in fluid level between the vessels was 

maintained by a roller pump between the vessels to ensure a circulating pulse 

free flow throughout the duration of the experiment. 

Bacterial deposition 

Deposition of bacteria was monitored with a phase-contrast microscope (Olympus 

BH-2) equipped with a 40 ultra long working distance objective (Olympus ULWD-

CD Plan 40 PL), connected to a CCD-MXRi camera (Basler A101F, Basler AG, 

Germany). In order to enhance the signal-to-noise ratio and eliminate moving 

bacteria from the analysis, 15 images were taken with 0.25 s time intervals, and 

added to yield a single-time point average. Image analysis was done using 
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proprietary software based on the Matlab Image Processing Toolkit (The Math 

Works, MA, USA). 

The bacterial suspension was allowed to flow through the flow chamber 

during 1 h at flow rates of 0.017, 0.033, 0.083, 0.17 or 0.33 cm3 s-1, corresponding 

with Reynolds numbers (Re), calculated on basis of the hydraulic radius of the 

channel [10], of 0.95, 1.9, 4.7, 9.5 and 19, respectively. Adhesion was monitored 

on both top and bottom plates at a distance of 6.2, 8.2 and 11.2 cm from the end 

of the cylindrical inlet of the stainless steel frame containing the glass slides.  

For each flow rate, the number of bacteria adhering per unit area was 

recorded as a function of time. Adhesion kinetics were expressed in terms of the 

initial deposition rate j0 (cm-2 s-1), as determined by linear regression analysis of 

the initial increase in numbers of adhering bacteria per cm2 with time. In addition, 

bacterial deposition assays were carried out under stagnant conditions; i.e. the 

adhering bacteria were monitored when the silicon tubings, connecting the inlet 

and outlet of the PPFC, were both closed after 20 min of recirculation (0.17 cm3 s-1) 

of a bacterial suspension. All experiments were conducted in six-fold, with at least 

three separately grown bacterial cultures, i.e. two experiments were carried out 

with one culture.   

The initial deposition rate, j0, was related to the convective-diffusion 

controlled deposition in a PPFC, calculated using the SL approximation as a 

solution of the two-dimensional convective diffuson equation,according to [11] 

 

1/30*
0 ]

x

Peb

9

2
[

0.89r

cD
j                                                  (1) 



 Chapter 2 

16 

 

 

in which D is the bacterial diffusion coefficient at large distances from the surface, 

c0 is the original number concentration of bacteria in the prepared suspension, r is 

the bacterial radius, x is the longitudinal distance from the flow chamber entrance, 

b is the half height of PPFC, and Pe is the dimensionless Peclet number defined as 




D4wb

3Qr
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3
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                                                             (2)  

in which Q is the applied volumetric flow rate. 

Bacterial sedimentation rates 

In this paper, we present a simple, microscopy-based method to determine the 

gravitational contribution to bacterial mass transport in a PPFC on the basis of 

bacterial concentration over the height of the flow channel. First, bacterial 

concentrations in suspension are measured at different heights in the flow 

chamber. As a necessary step, the volume of the field of view (FOV) is 

experimentally determined. Subsequently, the bacterial sedimentation velocity is 

evaluated under stagnant conditions from the rate of change of bacterial 

concentration with time in a suspension layer. Finally, the deposition rate to the 

bottom plate is calculated from the height dependence of the bacterial 

concentration close to the bottom plate, employing a simple diffusion and 

sedimentation mass transport equation.  

Pulse-free circulation of the bacterial suspension (3  108 cm-3) was 

created by hydrostatic pressure, maintained by a roller pump at the desired flow 

rate for 20 min to reach a stable hydrodynamic situation, after which the silicon 

tubings connecting the inlet and outlet of the PPFC were closed simultaneously. 
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Within 3 min after arresting the flow, bacteria within the layer of fluid in focus, Ni, 

were counted at different heights, zi, in the suspension ranging from 15 μm up to 

560 μm above the bottom plate. In order to exactly determine the location of the 

in focus level, the vertical distance between the inward surfaces of the top and 

bottom glass was determined using a digital micrometer (Absolute ID-C112B, 

Mitutoyo Corp., Japan). The number of the bacteria in each image was 

determined by image analysis. For bacterial enumeration, only bacteria which 

appear as dark objects were considered, as out of focus bacteria form bright 

objects in phase contrast microscopy. The bacterial concentration, c(zi), in the 

layer of fluid at a vertical position zi, could be expressed as the ratio between the 

number of bacteria, Ni over the volume of the fluid in focus, being the product of 

the horizontal area of the FOV, A (corresponding to 3.6410 -4 cm2 under the 

magnification used), and the depth of field of the microscope objective, df, as 

expressed by the following equation  

) d  /(A N) c(z fii                                                                    (3) 

The depth of field is experimentally determined by solving the following equation 

for df:  

bAc2)z(zA)
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As a result of the above procedure, the number of bacteria counted in one image 

at a given height, can now be transformed into a local bacterial concentration. 

Bacterial sedimentation velocity was measured at different heights, z0 (i.e. 

325, 375 and 425 m above the center of the bottom plate), in the flow channel. 

In order to reach a stable hydrodynamic condition, recirculation of the bacterial 
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suspension (3  108 cm-3) was maintained for 20 min at 0.17 cm3 s-1. Immediately 

after the silicon tubings, connecting the inlet and outlet of the PPFC, were both 

closed, the initial bacterial concentration height profile, c (z, t0), was determined 

at several vertical positions zt in the fluid between z0 and the top plate. In addition, 

the bacterial concentration at z0, c (z0, t), was measured as a function of time. 

Thereafter, another bacterial concentration height profile c(z, te) was measured at 

te. The bacterial sedimentation velocity was subsequently calculated based on a 

mass balance of bacteria, as given by 

 
t

0

et

0

z

z
e

t

0
0s

z

z
0 )dzt(z,cAdtt),(zcvA)dzt(z,cA                              (5) 

in which vs denotes the bacterial sedimentation velocity. In this equation it is 

assumed that the effect of diffusional transport can be neglected as compared to 

the effect of sedimentation, because the diffusion constant of bacteria is low and 

the concentration gradient in the region between zt and z0 is small. Accordingly, vs 

can be solved, by transforming the integral equation to finite summations, from 
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               (6) 

Deposition rates due to sedimentation and diffusion  

The height-dependent sedimentation rate, js(z), in the PPFC can now be calculated 

based on the above described experiments as  

ss vc(z)(z)j                                                           (7) 
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In order to prevent detection of adhering bacteria at z = 0,  z was taken as close as 

possible to the surface but never closer than df, the depth of field of the 

microscope objective. The diffusive mass transport rate, jD(z), within the diffusion 

boundary layer was calculated from 

z

c(z)
D(z)jD




                                                          (8) 

in which the gradient in bacterial concentration was calculated from the 

experimentally determined concentration profile at the position z. The theoretical 

thickness of the diffusion boundary layer, neglecting sedimentation and 

interaction forces, was calculated according to the following equation [19]  

2

1

f

3

1

f
d )

ρb2w

xηQ
()

η

ρD
5.2(δ                                              (9) 

in which d is the thickness of the boundary layer for diffusion,  the dynamic 

viscosity of fluid, f the mass density of fluid. The values of the parameters 

adopted for the mass transport indicators in the present study are listed in Table 1. 

Table 1. Values for different mass transport parameters used in this study [10,20]. 

parameter D b w c0  s f r 

unit cm
2
 s

-1 
cm cm cm

-3
 Pa s g cm

-3
 g cm

-3
 cm 

value 3.110
-9

 2.8810
-2

 1.7 310
8
 9.310

-4
 1.100 1.013 610

-5
 

 

RESULTS  

Bacterial adhesion kinetics  

Figs. 1a and b show the number of S. aureus ATCC 12600 adhering to the top and 

bottom plates of the PPFC from which the initial deposition rates, j0, as 

summarized in Fig. 1b for the different flow rates applied, can be calculated. The 
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number of bacteria adhering to the bottom plate increased linearly with time at a 

flow rate of 0.017 cm3 s-1, but leveled off for adhesion to the top plate within 600 

s (Fig. 1a). The initial deposition rates on the bottom plate were much higher than 

on the top plate. j0 on the bottom plate decreased with increasing flow rates, 

while j0 on the top plate showed a reverse trend (Fig. 1b).   

0

500

1000

1500

2000

2500

0.017 0.033 0.083 0.17 0.33

In
it

ia
l d

e
p

o
si

ti
o

n
 r

a
te

 (
 c

m
 -2

 
s-1

)

Flow rate (cm3 s-1)

b top plate

bottom plate

0

1

2

3

4

5

6

7

0 1000 2000 3000 4000

A
d

h
e

ri
n

g
 b

a
ct

e
ri

a
 ( 

1
0

 6
 c

m
-2

 )

Time (s)

a

 

Figure 1. (a) Example of the numbers of S. aureus adhering to the top and bottom 
glass plates of the PPFC as a function of time at a flow rate of 0.017 cm

3
 s

−1
. (b) In-

itial deposition rates of S. aureus to the top and bottom plates of the PPFC at dif-
ferent flow rates and at 6.2cm from the entrance of the PPFC. Error bars indicate 
the SD over triplicate experiments with separately grown bacteria.  
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Fig. 2 contains the different experimental and theoretically calculated 

staphylococcal deposition rates at various distances from the channel entrance. 

For a given flow rate higher experimental initial deposition rates j0 were obtained 

at positions farther downstream (Fig. 2a). Initial deposition rates decreased with 

increasing flow rates, and, interestingly, the highest initial deposition rate j0 was 

observed under stagnant conditions. Opposite to the experimental initial 

deposition rates, the theoretical bacterial deposition rate, j0
* calculated using Eq. 

1 (Fig. 2b) increased with increasing flow rates.  j0
* was less than 500 cm-2 s-1 for a 

flow rate of 0.017 cm3 s-1,  while increasing above 1000 cm-2 s-1 at a flow rate of 

0.33 cm3 s-1. Lower j0
* values were calculated for downstream positions in PPFC 

for a given flow rate than for more upstream positions. 
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Figure 2. Staphylococcal deposition rates to the bottom plate of a PPFC at different 
distances from the channel entrance and for different flow rates. (a) Experimental 
initial deposition rates. (b) Theoretical deposition rates predicted by SL approxima-
tion. 
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Bacterial concentration as a function of height and sedimentation 
velocities   

The depth of field of the objective lens on the microscope was calculated from Eq. 

4 to be 14.7 μm, which impedes measurements of bacterial concentrations closer 

than 15 μm from the top or bottom surfaces of the channel.  
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Figure 3. Height dependence of the bacterial concentration at different flow rates 
at 8.2 cm from the entrance of the PPFC measured 20 min after recirculation of the 
bacterial suspension, and normalized with respect to the original staphylococcal 
concentration c0, in the suspension (3 × 10

8
 cm

−3
). Dotted lines indicate the position 

of the diffusion boundary layer as calculated from Eq. (9). 

Bacterial concentrations along the height of the PPFC at 8.2 cm from the 

chamber entrance and normalized with respect to c0 are shown in Fig. 3. Toward 

the top plate, bacterial concentrations are lower than overall in suspension, while 
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bacteria accumulated toward the bottom plate. Flow rate has a marked influence 

on the height dependence of the bacterial concentration. Higher flow rates 

resulted in more homogeneous and symmetrical bacterial concentration profiles 

than lower flow rates.  

Bacterial concentration under stagnant conditions were measured as a 

function of time at 325, 375 and 425 μm above the bottom plate of the PPFC (Fig. 

4). The sedimentation velocity of S. aureus in PBS buffer at room temperature was 

subsequently calculated from Eq. 5 to be 240  12 μm h-1. 
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Figure 4. Bacterial concentrations at various heights (○:425 m, ▲:375 m and  

◇: 325 m) in the PPFC under stagnant conditions as a function of time. The bacte-

rial concentration was normalized with respect to the original bacterial concentra-

tion in suspension, c0 (3×10
8
 cm

-3
). 
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Deposition rates due to sedimentation and diffusion  

Based on the bacterial concentration height profiles and sedimentation velocities 

calculated, the contributions of sedimentation and diffusion toward mass 

transport to the bottom plate of the PPFC were calculated (Fig. 5) for a distance of 

8.2 cm from the entrance of the channel. The  contribution of sedimentation 

toward mass transport ranges from 2700 to 3300 cm-2 s-1 and decreases slightly 

with increasing flow rate. The diffusional contribution to mass transport rates  

calculated at the same level, ranges from -27 to -120 cm-2 s-1 (i.e. directed towards 

the bulk fluid) for the various flow rates. 
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Figure 5. Experimentally determined sedimentation rates, js, and initial deposition 
rates to the bottom plate, j0, together with theoretical deposition rates, j0

*
 based 

on the Smoluchowski–Levich (SL) equation. 
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DISCUSSION 

A five-fold difference in the initial staphylococcal deposition rate between the 

bottom and top plates of the PPFC (Fig. 1) indicated that a different mass 

transport mechanism is operative for the bottom and top plates. This difference is 

not accounted for by a convective-diffusion model neglecting interaction forces 

and gravity, since convective-diffusion assigns equal mass transport to the top and 

bottom plate. In order to experimentally determine the contribution of 

sedimentation to the mass transport in a PPFC, a microscopy-based method was 

introduced to measure the height-dependent bacterial concentration, 

sedimentation velocity, and the sedimentation rate. The sedimentation velocity of 

micron-sized bacteria can also be theoretically calculated based on a free 

sedimentation model applying Stokes’ law, as given by 

2
fss r)gρ(ρ

9η

2
v                                                    (10) 

with s the mass density of bacteria taken as 1.100 g cm-3 [20],  and g the 

acceleration of gravity (9.8 m s-2). Application of Eq. 10 results in a sedimentation 

velocity of 264 μm h-1, which compares well with the experimental sedimentation 

velocity obtained here for S. aureus ATCC 12600, and is comparable with the 

sedimentation rate of 296 m h-1 for Arthrobacter B672 in water, determined 

elsewise [20]. 

Bacterial concentrations as a function of height showed that bacteria are 

absent in the upper part of fluid and accumulate in the lower part of the channel 

due to sedimentation (Fig. 3). Interestingly, there is no decrease in bacterial 

concentration towards the surface, expected to occur within the diffusion 

boundary layer, but rather an increase due to sedimentation  (see Fig. 3). As a 
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result, diffusion near the bottom plate is directed towards the bulk fluid. The 

comparsion of the experimentally determined initial deposition rates with the 

mass transport due to sedimentation and convective-diffusion according to the 

SL-approach (Fig. 5) indicate that sedimentation is the dominant mass transport 

process in the PPFC within the range of flow rates applied in this study. Note that 

the experimentally determined initial deposition rate and the sedimentation rate 

determined are similar under stagnant conditions, even though electrostatic 

interactions are repulsive. Likely, bacteria have enough time under stagnant 

conditions to adhere on electrostatically favorable spots on the substratum 

surface. These results support the validity of the assumptions made in the 

derivation of Eq. 5 that diffusional transport far from the collector surface is 

negligeable, as compared to mass transport by sedimentation. From Fig. 5 it can 

also be seen that deposition efficiencies of S. aureus ATCC 12600 exceed unity by 

a factor of 2.0 to 4.7 for intermediate flow rates, while being close to unity at 

more elevated flow rates. Under flow conditions, electrostatic repulsion and shear 

forces apparantly prevent bacteria to deposit directly on arrival. However, 

calculated deposition efficiencies, j0/ j0
* , on basis of 

sffs
*
0 v)c(d)(djj 

                                      (11) 

always yielded values lower than unity. Although this does not rule out all 

previous assumptions that surface appendages on bacterial cell surfaces may 

positively contribute to bacterial mass transport, it seems more realistic to 

calculate bacterial deposition efficiencies in a PPFC with respect to sedimentation 

rates rather than with respect to convective-diffusional mass transport. It has also 

been suggested to account for sedimentational mass transport in a PPFC by 
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averaging initial deposition rates for the top and bottom plate [18], but for the 

present strain and substratum this still yields deposition efficiencies with respect 

to the SL approach larger than unity (2.6 and 1.2 at flow rates of 0.017 and 0.084 

cm3 s-1, respectively).  

When accounting for sedimentation in calculating deposition efficiencies, 

it must be realized that deposition efficiencies decrease from 0.97 under stagnant 

conditions to 0.36 at a flow rate of 0.33 cm3 s-1 and also decrease with increasing 

distance from the entrance of the flow chamber (see Fig. 5). This flow rate and 

distance dependence can be explained by considering a steady flow with constant 

bacterial concentrations over the entire volume of the chamber. Not all bacteria 

sedimenting to the bottom plate will adhere firmly, as indicated by the deposition 

efficiencies smaller than unity, which is due to blocking or shear forces acting 

upon bacteria in the flow [21]. Consequently, these non-adhering bacteria will be 

carried along the surface by the flow, yielding an increase in bacterial 

concentration near the surface and an increased deposition rate at larger 

distances, x, from the entrance of the flow chamber. Note that this effect gets 

even more pronounced for lower flow rates.  

CONCLUSION 

A microscopic method was introduced to experimentally determine the 

contribution of sedimentation towards bacterial mass transport in a PPFC. 

Sedimentation, rather than convective-diffusion, turned out to be the major mass 

transport mechanisms in the PPFC, as illustrated here for S. aureus ATCC 12600. 

This explains why bacterial deposition efficiencies calculated with respect to the 

SL-approximate solution of the convective-diffusion equation are in excess of 
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unity, and it is proposed that deposition efficiencies in a PPFC are calculated with 

respect to the rate of sedimentation. Sedimentation rates however, can be 

dependent on the flow rate and distance from the flow chamber entrance, which 

can be easily accounted for when employing the proposed method to calculate 

the contribution of sedimentation to mass transport in a PPFC.  
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to bacterial mass transport in a parallel plate flow chamber  
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ABSTRACT 

Using a new phase-contrast microscopy-based method of analysis, sedimentation 

has recently been demonstrated to be the major mass transport mechanism of 

bacteria towards substratum surfaces in a parallel plate flow chamber. Here we 

describe a novel method for enumerating adhesion of fluorescent bacteria in a 

parallel plate flow chamber that allows direct imaging of the bacterial distribution 

along the length of the flow chamber, as caused by sedimentation. Imaging of 

fluorescence was done using macroscopic bio-optical imaging of the entire flow 

chamber, including top and bottom plates as well as of the flowing suspension in 

between. An algorithm is forwarded that allows to separate the fluorescence 

arising from the suspension and bottom plate and at the same time determines 

the single cell fluorescence from which the bacterial distribution over the entire 

bottom plate can be visualized. Enumeration of the numbers of bacteria adhering 

to the center of the glass bottom plate for a fluorescent Staphylococcus aureus 

strain was found to coincide with enumerations using phase-contrast microscopy. 

Moreover, due to the use of macroscopic bio-optical imaging, it was found that 

the number of adhering staphylococci increases linearly with distance from the 

inlet of the flow chamber, which could be explained from a simplified mass 

balance of convection, sedimentation and blocking near the bottom plate of the 

flow chamber.   
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INTRODUCTION 

Flow displacement systems have become one of the most widely used methods to 

study microbial adhesion to substratum surfaces as a first step in biofilm 

formation [1-6]. Recently, we demonstrated experimentally that mass transport in 

a parallel plate flow chamber is predominantly governed by sedimentation and 

not by convective-diffusion as mostly assumed [7]. Interestingly, in this study 

deposition rates increased with increasing distance from the entrance of the flow 

chamber, presumably because weakly adhering bacteria are carried along the 

surface by the flow, yielding an increase in bacterial concentration near the 

surface. Unfortunately, microscopic observation of bacterial adhesion to surfaces 

is usually confined to the microscopic field of view and does not encompass the 

distribution of adhering bacteria over an entire plate.  

Here we describe a novel macroscopic method for enumerating adhesion 

of fluorescent bacteria in a parallel plate flow chamber that allows direct imaging 

of the bacterial distribution along the length of the flow chamber. Although 

macroscopic bioluminescence or fluorescence imaging is usually done to monitor 

biological processes in vivo, including microbial presence in tissues and on 

biomaterials implants [8], it also allows to study bacterial adhesion in vitro and on 

a much larger substratum area than can be achieved by microscopic observations. 

Because the method offers bacterial adhesion data along with spatial information, 

the method potentially enables simultaneous observation of bacterial adhesion 

on multiple and potentially on non-transparant samples which is not feasible with 

the microscopic method. The novel method proposed involves three main steps:  

(i) unmixing of the fluorescence signal emitted by adhering bacteria from the 

one of free flowing organisms.  
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(ii) determination of single cell fluorescence.  

(iii) conversion of the fluorescence radiance to the number of adhering 

bacteria. 

The newly proposed, macroscopic method of enumerating fluorescent 

bacteria adhering in a parallel plate flow chamber will be compared with 

enumerations obtained using phase-contrast microscopy. With the validity of the 

macroscopic method demonstrated, we were able to derive a direct influence of 

sedimentation on the distribution of bacteria adhering to the bottom plate of the 

flow chamber.  

MATERIALS AND METHODS 

Bacterial strain and growth conditions  

To generate GFP expressing bacteria, pMV158GFP containing optimized GFP 

under control of the MalP promotor [10] was introduced into Staphylococcus 

aureus ATCC 12600 by electroporation [11]. Briefly, first S. aureus RN4220 was 

transformed with pMV158 GFP and transformants were selected on Tryptone 

Soya Broth (TSB) (OXOID, Basingstoke, England) containing 1.5% agar and 10 µg cm-3 

tetracycline. The plasmid was isolated using the Qiagen Midiprep kit according to 

the instructions with cell lysis mediated by lysostaphin (Sigma-Aldrich, St. Louis, 

Missouri, USA) and introduced into S. aureus ATCC 12600. Transformants were 

selected on tetracycline containing TSB plates and checked for fluorescence using 

fluorescence microscopy with the appropriate filter sets. Fluorescence assisted 

cell sorting (FACS) indicated that more than 95% of bacteria were fluorescent 

after overnight growth in TSB with tetracycline. The fluorescence of S. aureus 
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ATCC 12600 pMV158 GFP (S. aureus ATCC 12600GFP) suspended in PBS (5 mM 

K2HPO4, 5 mM KH2PO4, 0.15 M NaCl, pH 7.0) was stable over time and decreased 

only 5% over a 13 h time-span. S. aureus ATCC 12600 was physico-chemically 

characterized previously [12]. 

S. aureus ATCC 12600GFP was routinely cultured aerobically at 37°C on a 

blood agar plate containing tetracycline. One colony was used to inoculate 10 cm3 

TSB with tetracycline and this preculture was grown statically for 24 h at 37°C. The 

preculture was diluted 1:20 in 200 cm3 TSB and grown statically for 16 h at 37°C. 

Cultures were harvested by centrifugation (Beckman J2-MC centrifuge, Beckman 

Coulter, Inc. Brea, CA, USA) for 5 min at 4000 g in a JA14 rotor and the bacteria 

were resuspended in 10 cm3 PBS. Centrifugation was done twice in order to 

remove all traces of growth medium. To break staphylococcal aggregates, 

sonication at 30 W (Vibra Cell Model 375, Sonics and Materials Inc., Danbury, CT, 

USA) was applied (3 times 10 s), while cooling in an ice/water bath. Staphylococci 

were resuspended in PBS to a density, c0, of 3  108 cm-3 as determined in a 

Bürker-Türk counting chamber.  

Parallel plate flow chamber and substratum surface   

All experiments were performed in a parallel plate flow chamber (PPFC) (17.5  

1.7  0.058 cm). The top and bottom glass plates of the chamber were placed in 

the middle of a stainless steel frame (17.5 x 4 cm) and separated by a Teflon spac-

er creating a flat channel with a length, l, of 17.5 cm, a height, 2b, of 0.058 cm and 

a width, w, of 1.70 cm and a gradually diverging and converging (62 degrees) inlet 

and outlet region [5]. The glass plates (Menzel-Glaser, Menzel GmbH & Co KG, 

Germany) (7.6  2.6  0.1 cm) were sonicated for 3 min in 2% RBS35 (Omnilabo 
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International BV, Breda, The Netherlands) followed by thorough rinsing with tap 

water, demineralized water, methanol, tap water and finally demineralized water 

again to obtain a hydrophilic surface with a zero degrees water contact angle. Pri-

or to use, the flow chamber was washed with 2% Extran (Merck, Germany) and 

rinsed thoroughly with tap water and demineralized water. 

Fluorescence imaging  

For fluorescence imaging, the entire flow chamber was placed inside the bio-

optical imaging system (IVIS Lumina II, Caliper LifeScience, Hopkinton, MA, USA) 

and kept at 20C. The flow chamber was placed on the sample stage with a field 

of view of 7.5 x 7.5 cm. The excitation wavelength for detection of GFP staphylo-

cocci was 465 nm, while a broad band emission filter was used allowing fluores-

cence emission to be measured from 515-575 nm. Fluorescence images were dis-

played on a pseudocolor scale that was overlaid on a gray-scale image to generate 

a two-dimensional picture of the distribution of fluorescent bacteria in the flow 

chamber. Average fluorescence radiances, R (p s-1 cm-2 sr-1) over a user-defined 

region of interest (ROI) were determined for each image with the Living Image 

software package 3.1 (Caliper LifeScience) which transforms electron counts on 

the CCD camera to an average fluorescence radiance, taking into account the cur-

rent optical parameters (area of the ROI, magnification, binning, diaphragm, ex-

posure time and light collecting ability of the camera as calibrated with standard 

light sources). 
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Flow experiments and perfusion sequence  

All flow experiments, including microscopic enumeration of adhering staphylococ-

ci using phase-contrast microscopy, were carried out at a flow rate of 5 cm3 min-1 

(corresponding to a wall shear rate of 84 s-1). As a first step, PBS was perfused 

through the flow chamber for 5 min, followed by recirculation of a staphylococcal 

suspension for 150 min. After 150 min of recirculating the chamber with the 

staphylococcal suspension, the chamber was perfused for 20 min with cell-free 

PBS in order to remove all planktonic bacteria from the system and to determine 

the contribution of staphylococci in suspension to the observed fluorescence. Af-

ter 20 min, a suspension of fluorescent staphylococci was allowed to re-perfuse 

the chamber in order to evaluate possible desorption during perfusion with PBS. A 

sequence of fluorescence images, with a 1 min time interval, was obtained during 

5 s exposure time for each image during the entire duration of the experiment.  

Fig. 1 presents an example of the fluorescence radiance during this perfusion se-

quence.  

Enumeration of fluorescent bacteria adhering on glass 

Neglecting staphylococcal adhesion to the top plate [7], the average fluorescence 

radiance from the adhering staphylococci, Ra(t), can be expressed as (see also Fig. 1) 

s0a RRR(t)(t)R                                                            (1) 

in which R(t) denotes the average fluorescence radiance emitted from the ROI in 

the fluorescence image captured, t is the perfusion time with bacterial suspension, 

R0 the average radiance measured during the initial flow with cell-free PBS buffer, 
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and Rs the radiance of the free flowing suspension, which is equal to the decrease 

in fluorescence radiance upon filling the flow chamber with cell-free PBS.  
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Figure 1. Average fluorescence radiance of S. aureus ATCC 12600
GFP

 as a function of 
time from a flowing suspension in a parallel plate flow chamber with a glass bottom 
plate. Note that after 150 min, the bacterial suspension in the chamber was 
replaced with cell-free PBS to obtain the fluorescence radiance of adhering 
staphylococci, after which the chamber was filled again with a fluorescent 
staphylococcal suspension. The inserts represent the macroscopic fluorescence 
images of the flow chamber at different time points on a pseudocolor scale 
indicated at the right hand axis. 

Subsequently, the fluorescent flux from a single bacterium, b (p s-1), can 

be easily determined from Rs and the number of bacteria in the suspension vol-

ume imaged according to 

2b)/(cR4πφ 0sb                    (2) 

Finally, the number of fluorescent staphylococci adhering per unit sub-

stratum area follows from 



Sedimentation analysis by macroscopic fluorescence imaging 

39 

 

 

 ba(t)/φR4πn(t)                                          (3)  

Microscopic validation of macroscopic bacterial enumeration using 
fluorescence imaging 

In order to compare macroscopic enumeration of bacterial adhesion using fluo-

rescence imaging with microscopic enumeration, the number of adhering bacteria 

determined using fluorescence imaging with an ROI dimension of 0.1  1.0 cm at a 

position of 8.2 cm from the inlet of the flow chamber (i.e. the middle of the bot-

tom plate) was compared with phase-contrast microscopic [7] evaluation of ad-

hering bacteria at the same position. The comparisons were conducted in fivefold 

with separately cultured fluorescent staphylococci.  

Evaluation of the distribution of adhering bacteria 

The distribution of adhering bacteria was further evaluated by taking full images 

over the entire plate with an ROI of 5.9  1.3 cm at the end of a deposition 

experiment, while accounting for the fluorescence developing from bacteria in 

suspension. In addition fluorescence radiance scans were made along the 

direction of flow over 0.2 cm sections (corresponding with 7 pixels), covering 1.44 

cm of the width of the substratum (corresponding with 50 pixels). In order to 

correct for the fluorescence from the flowing suspension and non-uniform 

excitation light distribution, the numbers of adhering bacteria at each position 

were separately evaluated according to Eq. 3 along the line scans. 
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RESULTS  

Validation of bacterial enumeration using macroscopic fluorescence 
imaging  

The fluorescence radiance as a function of time during the perfusion sequence 

applied for bacterial enumeration using macroscopic fluorescence imaging is 

shown in Fig. 1. Clearly, in addition to the contribution from the bacteria 

deposited at the bottom plate, the bacteria in the suspension itself constitute a 

major part of the fluorescence radiance observed during deposition. As a result 

the fluorescence from the bacterial suspension decreases quickly during perfusion 

with cell-free buffer. Note that the decrease in fluorescence radiance after 

flushing with buffer could be reproducibly regained by perfusion with a bacterial 

suspension again, indicating that only negligible desorption took place during that 

period. Next, the fluorescent flux, b, from single bacteria could be calculated on 

basis of Eq. 2 to be 7.7  2.0 p s-1 per bacterium and the number of adhering 

bacteria on glass is now easily calculated from the fluorescence radiance, Ra(t), 

according to Eqs. 1 and 3. This enabled the comparison of the staphylococcal 

adhesion kinetics as derived from macroscopic fluorescence imaging with results 

obtained using phase-contrast microscopy at the same position on the bottom 

plate. Both methods show good correspondence (see Fig. 2), while it is noticed 

that standard deviations in macroscopic enumeration are slightly smaller than in 

microscopic enumeration. Because of the correspondence between both methods, 

photo bleaching of GFP molecules do probably not affect the measurements. This 

was confirmed by fluorescence imaging of a stagnant suspension of S. aureus 

ATCC 12600GFP during 150 min under identical conditions as in the flow 

experiments, revealing no change in the fluorescence flux (data not shown) during 

time.   
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Figure 2. The number of adhering S. aureus ATCC 12600
GFP

 on glass, enumerated by 
macroscopic fluorescence imaging, as a function of the number of staphylococci 
enumerated using phase-contrast microscopy. Bars indicate the standard devia-
tions over five measurements with separately cultured staphylococci. 

Distribution of adhering bacteria  

Fig. 3 shows the distribution of adhering bacteria over the entire bottom plate of 

the flow chamber. Each point in the graph represents the number of adhering 

bacteria per cm2 around that location. Peaks in the graph indicate more densely 

populated spots at the surface. Line scans over the length of the chamber in the 

direction of flow, taken at consecutive times during deposition (Fig. 4a) indicate 

that the number of adhering bacteria increases with increasing distance from the 

inlet of the chamber. In addition, this increase becomes more pronounced over 
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time. Finally, Fig. 4b presents the number of adhering bacteria as a function of 

time, for three different locations along the length of the chamber. 
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Figure 3. Two dimensional distribution of the number of adhering S. aureus ATCC 
12600

GFP
  per cm

2
 over the bottom glass substratum after 2 h of deposition in a 

parallel plate flow chamber.   
 
Table 1. Values of parameters used in Eqs. 5-7. vf was calculated on basis of the vol-
ume flow (5 cm

3
 min

-1
) in the chamber [5], c0 was the experimentally determined 

bacterial concentration in the suspension. Other parameters were fitted to mini-
mize the difference between calculated and experimental data.  

 
 Calculated or experimentally 

determined parameters 
Fitted parameters 

Parameter vf (h) c0 vs h C1 C2  β 

Unit cm s
-1

 cm
-3

 μm h
-1

 μm    s
-1

 

Value 4.3310
-2

 310
8
 216 5.0 0.5 -0.3 0.73 3.210

-4
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Figure 4. (a) Line scans indicating the number of adhering S. aureus ATCC 12600

GFP
 

on the glass bottom plate of a parallel plate flow chamber as a function of distance 
from the inlet after different time intervals (data drawn from one single 
experiment) and number of adhering bacteria as a function of time. (b) Line scans 
indicating the number of adhering S. aureus ATCC 12600

GFP
 on the glass bottom 

plate of a parallel plate flow chamber as a function of time in three different sec-
tions at the indicated distances from the chamber inlet (average of triplicate runs ± 
SD over triplicate experiments). Solid lines in Figs. 4a and 4b represent data fits 
according to the sedimentation model presented, i.e. Eqs. 4-8 with parameters 
given in Table 1. 
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DISCUSSION 

The study of microbial adhesion to surfaces requires dedicated tooling. 

Microscopic observation of bacterial deposition in flow displacement systems has 

become extremely popular over the past decades, but prevents observation of 

bacterial distributions over larger substratum areas than the microscopic field of 

view, being in the range of 10-4 - 10-2 mm2. In order to observe bacterial 

distribution over large substratum areas and the effects of sedimentation on it, a 

novel, macroscopic fluorescence imaging method is presented. Although the 

method proposed does not distinguish individual bacteria, it enables to quantify 

numbers of fluorescent microorganisms adhering over a large substratum area of 

about 0.2 - 1000 mm2 on the basis of the amount of emitted light. Macroscopic 

fluorescence imaging to enumerate adhering bacteria in a parallel plate flow 

chamber was validated against phase-contrast microscopic enumeration, 

considered the golden standard for these purposes. Macroscopic and microscopic 

enumerations coincided well, but the major advantage of invoking larger 

substratum areas is the significantly smaller standard deviation in the data (see 

Fig. 2), likely because effects of local surface heterogeneities (see Fig. 3) in the 

substratum surface are averaged out. The necessity of using fluorescent bacterial 

strains might be interpreted as a drawback of the method, but nowadays the 

number of fluorescent strains available as well as the ease with which they can be 

fabricated are such, that we do not consider this a true drawback. It should be 

mentioned however that the bacterial characteristics relevant for adhesion might 

change during GFP expression. This change might be responsible for the 

significant higher deposition rate observed in this study (2.5 x 103 cm-2 s-1 ) as 
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compared to the deposition rate observed in part I of this paper [7] carried out 

with the non fluorescent S. aureus ATCC 12600 strain under the same flow 

conditions.  

Due to its macroscopic nature, the method is suitable to directly reveal 

sedimentation effects, as e. g. increasing numbers of adhering bacteria in the 

downstream direction of a parallel plate flow chamber, reported earlier [7]. Fig. 

4a shows that the number of adhering bacteria appears to increase linearly with 

increasing distance from the inlet of the flow chamber. In order to understand this, 

the mass transport towards the bottom plate of the flow chamber can be 

formulated as a simplified mass balance, only accounting for sedimentation, 

blocking and convection and neglecting transport by diffusion [7], according to 

sf ))c(x)vΘαΦ((1
x

c(x)
(h)hv 




    (4)  

in which c(x) (cm-3) is the bacterial concentration within a narrow region near to 

the substratum with height h (cm) above the bottom plate and defined as a 

function of x, the distance from the inlet. vs (cm s-1) is the sedimentation velocity, 

vf (h) (cm s-1) the Poiseuille flow velocity in the x-direction at a height h and  the 

dimensionless deposition efficiency [7] defined as the fraction of the 

sedimentation rate, c(x)vs, yielding successful adhesion to the substratum surface 

and Φ(  ), representing the percentage of the surface area available for 

deposition as a function of the surface coverage  as averaged over the area of 

the bottom plate. Φ(Θ) can be expanded in a power series of Θ [13-16] according to 

)32
21 O(ΘΘCΘC1Φ(Θ)      (5) 
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The blocking parameters C1 and C2 in Eq. 5 are dependent on the flow near the 

adsorption area and the balance between diffusion and sedimentation, as the 

prevailing mass transport mechanism towards the substratum. It is assumed that 

the bulk concentration c(x), within the region h is invariant in the direction 

perpendicular to the bottom plate and equals the original bulk concentration, c0 at 

x = 0. An obvious solution of Eq. 4 is 













 
 x

hv

)vΘα)Φ((1
expcc(x)

f

s
0       (6) 

which behaves as a linear function of x for small values of the argument in the 

exponential, as earlier been described by Munn et al. [17]. Because the 

sedimentation rate, c(x)vs, is directly related to c(x), the numbers of adhering 

bacteria should follow the nearly linear x-dependency of the concentration as 

given by Eq. 5 which is in line with our present results in Fig. 4a.   

Although the deposition rate is decreasing with time to reach a stationary 

state after approximately 150 min, regardless of the distance from the entrance 

(see Fig. 4b), the number of adhering bacteria downstream is increasing more 

rapidly and reaches higher values than at upstream positions. Because the 

concentration of bacteria near the surface according to Eq. 5, is higher 

downstream than at upstream positions, Fig. 4b implies that stationary state 

numbers of adhering bacteria are dependent on the bacterial concentration near 

the surface. Hence, stationary state numbers may be assumed to be due not only 

to effective surface blocking as described by Φ(Θ) , but also to a balance between 

bacterial deposition and desorption, which is probably largely due to 

hydrodynamic scattering and not to thermodynamic desorption due to the finite 
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depth of the interaction minimum. The total number of adhering bacteria per unit 

area, n (cm-2), may therefore be described by the differential equation 

n(x)βvc(x)αΦ(Θ(x))
dt

n(x)d
s     (7) 

with  

4

dn(x)π
Θ(x)

2
b     (8) 

with β (s-1) is the desorption rate and db the bacterial diameter. Eq. 7 can be 

solved by inserting Eq. 6 into Eq. 7, provided the values of Ci, α, β, vs and h are 

fitted against the experimental data for n(x) and t. The best fits for these 

parameters are summarized in Table 1. This theoretical approach appeared to fit 

well with the experimental results although the distance, x, from the entrance of 

the chamber and the time, t, with respect to the start of the experiment had to be 

shifted slightly relative to the experimental values (by 0.3 cm and 5 min, 

respectively). This can only be explained, when it is assumed that sedimentation 

already starts in the inlet tube, meaning that the position of x = 0 can not be 

defined a priori from the design of the flow chamber. In addition, flow and 

concentration profiles in the chamber are not stationary from the onset and may 

only settle after several minutes.  

The value derived by the fitting process for the sedimentation velocity vs 

(216 μm h-1) is in the same range as previously found (264 μm h-1) [7]. The value 

obtained for the dimensionless deposition efficiency  (0.73), however is higher 

than previously found (0.5), presumably because the experimentally observed 

deposition rate (2.5 x 103 cm-2 s-1) is 60% higher than reported in the previous 
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study, which was carried out with a non-fluorescent S. aureus strain (S. aureus 

ATCC 12600). The value of the desorption rate found indicates that desorption is 

considerable during the experiment, despite the fact that no desorption was 

observed after flushing with buffer at the end of the experiment (see Fig. 1), 

attesting to the influence of hydrodynamic scattering on desorption and the 

minor role played by thermodynamic desorption processes. These observations 

are in line with previous experiments described by Meinders and Busscher [18], 

who found that desorption rates decreased by 50% when flowing with only buffer, 

therewith attributing the desorption observed during flow with a bacterial 

suspension to hydrodynamic scattering. In addition they observed that desorption 

rates of adhering bacteria decreased as a function of their residence-time on the 

surface (“bond-aging”) and argued that at the end of an experiment desorption 

rates reflect the behavior of the most strongly adhering bacteria. 

The fitted values of the blocking parameters C1 and C2 are relatively low in 

comparison with blocking parameters observed in case of polystyrene particle 

deposition from flowing suspensions [15, 16], for which the leading term C1 

exceeded 4 even at very low shear rates. The low Ci values found in our study 

indicate that the low bacterial coverage reached at the end of the experiment 

(around 10%) is due to desorption and not to blocking. Interestingly, when in the 

current model, C1 is fixed to values up to 2, we obtain similar results for the 

sedimentation velocity and deposition efficiency. However, the low values of our 

Ci parameters are comparable with values predicted by Adamczyk et al. [14] for 

sedimentation-controlled particle deposition in the complete absence of 

desorption and flow. This supports our earlier conclusion that sedimentation is 

the dominant mass transport mechanism in a parallel plate flow chamber [7]. 
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A paradoxal consequence of the described mass transport mechanism is 

that an increase of the deposition efficiency,, may result in a lower bacterial 

concentration in the downstream region according to Eq. 5 and concurrently with 

a decrease of bacterial deposition. This indicates that assessing the distributions 

of adhering bacteria is necessary in order to prevent potential mis-interpretation 

of deposition data due to effects of sedimentation. 

CONCLUSION 

The effect of sedimentation on the distribution of adhering bacteria in a parallel 

plate flow chamber was observed using a novel, macroscopic fluorescence 

imaging method. Enumerations of fluorescent staphylococci adhering to the 

bottom plate of a parallel plate flow chamber coincided well with microscopic 

enumerations, and had slightly lower standard deviations due to the macroscopic 

nature of the new method. Uniquely, the newly proposed method can be 

employed to quantify the distribution of adhering bacteria on the bottom plate 

real-time from data within one single image. Therewith the method offers a new 

way of evaluating bacterial deposition by enabling a simultaneous assessment of 

the deposition efficiency and the sedimentation rate. 



 Chapter 3  

50 

 

 

REFERENCES 

[1] Flemming H. C., Wingender J., (2010) The biofilm matrix, Nat. Rev. Microbiol. 8 623-

633. 

[2] Hall-Stoodley L., Costerton J. W., Stoodley P., (2004) Bacterial biofilms: From the 

natural environment to infectious diseases, Nat. Rev. Microbiol. 2 95-108. 

[3] Donlan R. M ., Costerton J. W., (2002) Biofilms: Survival mechanisms of clinically 

relevant microorganisms, Clin. Microbiol. Rev. 15  167-193. 

[4] Thomas W. E., Trintchina E., Forero M., Vogel V., Sokurenko E. V., (2002) Bacterial 

adhesion to target cells enhanced by shear force, Cell 109 913-923. 

[5] Busscher H. J., Van der Mei H. C., (2006) Microbial adhesion in flow displacement 

systems, Clin. Microbiol. Rev. 19 127-141. 

[6] De Kerchove A., Elimelech M., (2007) Impact of alginate conditioning film on 

deposition kinetics of motile and nonmotile Pseudomonas aeruginosa strains, Appl. 

Environ. Microbiol. 73 5227-5234. 

[7] Li J., Busscher H. J., Norde W., Sjollema J., (2011) Analysis of the contribution of 

sedimentation to bacterial mass transport in a parallel plate flow chamber, Colloids 

Surf B: Biointerfaces 84 76-81. 

[8] Sjollema J., Sharma P. K., Dijkstra R. J. B., Van Dam G. M., Van der Mei H. C., 

Engelsman A. F., Busscher H. J., (2010) The potential for bio-optical imaging of 

biomaterial-associated infection in vivo, Biomaterials 31 1984-1995. 

[9] Signore A., Mather S. J., Piaggio G., Malviya G., Dierckx R. A., (2010) Molecular 

imaging of inflammation/infection: Nuclear medicine and optical imaging agents and 

methods, Chem. Rev. 110 3112-3145. 

[10] Nieto C., Espinosa M., (2003) Construction of the mobilizable plasmid pMV158GFP, a 

derivative of pMV158 that carries the gene encoding the green fluorescent protein, 

Plasmid 49 281-285. 

http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235234%232011%23999159998%232911762%23FLA%23&_cdi=5234&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=115113968432df45065d9917d309617f


Sedimentation analysis by macroscopic fluorescence imaging 

51 

 

 

[11] Kreiswirth B. N., Lofdahl S., Betley M. J., O'Reilly M., Schlievert P. M., Bergdoll M. S., 

Novick R. P., (1983) The toxic shock syndrome exotoxin structural gene is not 

detectably transmitted by a prophage, Nature 305 709-712. 

[12] Das T., Sharma P. K., Busscher H. J., Van der Mei H. C., Krom B. P., (2010) Role of 

extracellular DNA in initial bacterial adhesion and surface aggregation, Appl. Environ. 

Microbiol. 76 3405-3408. 

[13] Schaaf P., Voegel J. C., Senger B., (2000) From random sequential adsorption to 

ballistic deposition: A general view of irreversible deposition processes, J. Phys. Chem. 

B. 104 2204-2214. 

[14] Adamczyk Z., Senger B., Voegel J. C., Schaaf P., (1999) Irreversible adsorp-

tion/deposition kinetics: A generalized approach, J. Chem. Phys. 110 3118-3128. 

[15] Adamczyk Z., Warszynski P., Szyk-Warszynska L., Weronski P., (2000) Role of 

convection in particle deposition at solid surfaces, Colloids Surf. A-Physicochem. Eng. 

Asp. 165 157-187. 

[16] Van Loenhout M. T. J., Kooij E. S., Wormeester H., Poelsema B., (2009) Hydrodynamic 

flow induced anisotropy in colloid adsorption, Colloids Surf. A-Physicochem. Eng. Asp. 

342 46-52. 

[17] Munn L. L., Melder R. J., Jasin R. K., (1994) Analysis of cell flux in the parallel plate 

flow chamber: Implications for cell capture studies, Biophys. J. 67 889-895. 

[18] Meinders J. M., Van der Mei H. C., Busscher H. J., (1995) Deposition efficiency and 

reversibility of bacterial adhesion under flow, J. Colloid Interface Sci. 176 329–341. 





 

 





 

 

Chapter 4 

Surface enhanced bacterial fluorescence and enumeration of 

bacterial adhesion 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission of Taylor & Francis from: J. Li, H. J. Busscher, 

H. C. van der Mei, J. Sjollema, (2013) Biofouling, 29, 11–19. 

 

 



Chapter 4  

54 

 

 

ABSTRACT  

The use of flow displacement systems for studying initial bacterial adhesion to 

surfaces is mostly confined to transparent substrata. The objective of this 

study is to present a method based on macroscopic fluorescence imaging to 

enumerate adhering fluorescent bacteria on non-transparent substrata, real-

time and under flow. To this end, a stepwise protocol is described to 

quantitate adhesion of green-fluorescent-protein producing Staphylococcus 

aureus on polished and non-polished metal and polymer surfaces accounting 

for surface-enhanced-fluorescence on metal surfaces, quantitated by the ratio 

of the single cell fluorescence observed for adhering and planktonic bacteria. 

Enumeration of adhering fluorescent staphylococci by the proposed method 

coincides with results obtained using metallurgical microscopy. As an 

advantage however, non-homogeneous surface coverage and surface 

roughness do not limit the applicability of the method. Moreover, the accurate 

quantitation of surface-enhanced-fluorescence arising from adhering bacteria 

offers a new pathway to evaluate bacterial cell surface deformation during 

adhesion.  
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INTRODUCTION 

Biofilms are matrix enclosed populations of microorganisms that can adhere to 

biological as well as non-biological surfaces of widely varying origin [1, 2]. 

Adhesion of microorganisms to substratum surfaces constitutes one of the 

initial steps in biofilm formation and the role of these initial colonizers is not to 

be underestimated as they link the entire biofilm that grows on top of them to 

the substratum surface [3, 4]. Flow displacement systems have become widely 

used to obtain controllable hydrodynamic conditions for studying initial 

microbial adhesion to substratum surfaces [2, 4, 5]. Often conventional phase 

contrast microscopy in combination with long working distance objectives has 

been applied for real time observation of initial bacterial adhesion [6]. 

However, these measurements are restricted to transparent substrata, 

whereas substrata applied in practice are not always transparent.  

Fluorescence and bioluminescence imaging do not have the drawback 

of restricting their applicability to non-transparent substrata and the wide-

spread availability of genetically modified bacterial strains offers the possibility 

to study bacterial adhesion on e.g. metals and ceramics. Bio-optical imaging is 

a rapidly emerging technique to study drug efficacy in cancer research, but has 

also been applied to study biofilms formed in animal models in situ [7-10]. 

However, bio-optical imaging does not necessarily need to be confined to in 

vivo imaging, but can also be employed to study bacterial adhesion in vitro. 

Macroscopic bio-optical fluorescence imaging of bacterial deposition in a 

parallel plate flow chamber (PPFC) on transparent substrata for instance, has 

been described earlier [11] and allows microbial enumeration over larger 
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substratum areas than can be achieved by microscopic methods. This yields an 

obvious statistical advantage.  

Application of fluorescence imaging to study bacterial adhesion on 

non-transparent substrata is not trivial, because the vicinity of a reflecting 

substratum surface can enhance the emission of fluorescence [12]. Surface 

Enhanced Fluorescence (SEF) is due to the reflection of radiation emitted by 

the fluorescent molecule itself, bringing the excited molecule into a forced 

oscillation enhancing the emission of light. This effect is strongest near a 

surface and decays exponentially with distance and is almost vanished beyond 

20 nm. Recently, SEF of bacteria stained with a fluorescent dye has been 

described when adhering to gold surfaces [13]. Clearly, surface enhanced 

bacterial fluorescence may interfere with enumeration of bacterial adhesion 

using macroscopic methods, such as bio-optical imaging. 

Therefore, the objective of this study is to present a method based on 

macroscopic fluorescence imaging to enumerate the number of adhering 

bacteria on non-transparent substrata real-time and under flow, that not only 

accounts for effects of the substratum surface on fluorescence, but also allows 

to quantify substratum induced changes in single cell fluorescence due to the 

vicinity of a substratum. To this end, a green fluorescent protein (GFP) 

producing Staphylococcus aureus strain will be adhered on different metallic 

and polymeric substrata in a PPFC and adhesion will be enumerated with the 

method proposed and substratum effects on single cell fluorescence quantified.  
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MATERIALS AND METHODS  

Bacterial strain and growth conditions  

To generate GFP expressing bacteria, pMV158 GFP was introduced into S. 

aureus ATCC 12600, as described earlier [11, 14]. The fluorescence of S. aureus 

ATCC 12600 pMV158 GFP (S. aureus ATCC 12600GFP ) suspended in phosphate 

buffered saline (PBS; 5 mM K2HPO4, 5 mM KH2PO4, 0.15 M NaCl, pH 7.0) was 

stable over time and decreased only 5% over a 13 h time-span. S. aureus ATCC 

12600GFP was routinely cultured aerobically at 37°C on a blood agar plate 

containing tetracycline. One colony was used to inoculate 10 cm3 tryptone 

soya broth (TSB, OXOID, Basingstoke, England) with 5 µg cm-3 tetracycline and 

this preculture was grown statically for 24 h at 37°C. The preculture was 

diluted 1:20 in 200 cm3 TSB and grown statically for 16 h at 37°C. Cultures were 

harvested by centrifugation (Beckman J2-MC centrifuge, Beckman Coulter, Inc. 

Brea, CA, USA) for 5 min at 4000 g in a JA14 rotor and the bacteria were 

resuspended in 10 cm3 PBS. Centrifugation was done twice in order to remove 

all traces of growth medium. To break staphylococcal aggregates, sonication at 

30 W (Vibra Cell Model 375, Sonics and Materials Inc., Danbury, CT, USA) was 

applied (3 times 10 s), while cooling in an ice/water bath. Staphylococci were 

resuspended in PBS to a number concentration, c0, of 3  108 bacteria cm-3 as 

determined in a Bürker-Türk counting chamber. 

Materials 

As substrata, AISI 316L stainless steel (SS, Stryker Corp, Kiel, Germany), a 

titanium alloy (Ti6Al4V-ELI, Salomon BV, Groningen, The Netherlands) and 
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black polyvinyl chloride (PVC, ISPA BV, Groningen, The Netherlands) were used. 

Materials were machined to obtain samples with a diameter of 8 mm and a 

thickness of 1 mm. Sample surfaces were used as manufactured (non-polished) 

or after grinding (1200 grit sand-paper) and consecutive polishing with a 

diamond-paste (3 m and 1 m ) suspension in water (Buehler, Lake Bluff, 

USA). All samples, polished and non-polished, were cleaned by sonication in 

2% RBS35 for 5 min, followed by thorough rinsing with tap water, sonication in 

ethanol and rinsing in ultrapure water and immediately used. Surface 

roughnesses Ra amounted between 2 µm (for titanium and PVC) and 10 µm 

(for stainless steel) for non-polished samples, while polished samples had a 

roughness of around 200 nm, as determined by atomic force microscopy.  

Samples were mounted in a polymethylmethacrylate (PMMA) plate, 

constituting the bottom plate of a PPFC. To this end, the bottom plate was 

equipped with nine cylindrical indentations (diameter 8.0 mm, depth 1.0 mm), 

allowing insertion of different samples for simultaneous analysis. The materials 

were fixed into the indentations using a silicon glue.  

Fluorescence imaging and enumeration of bacterial adhesion in a 

parallel plate flow chamber (PPFC)  

Adhesion of S. aureus ATCC 12600GFP was determined in a PPFC, constructed of 

a nickel coated brass body with a glass cover plate and an optically clear 

PMMA bottom plate (76  50 mm), containing nine samples. Spacers were 

used to set its height, h, at 0.58  0.01 mm. The flow chamber was positioned 

between two communicating vessels, and the system was filled with PBS, while 

care was taken to remove all air bubbles. In- and outlet vessels with PBS and 
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bacterial suspension were placed at different heights to create a pulse-free 

flow by hydrostatic pressure. All experiments were carried out in triplicate at 

20C at a flow rate, Qf,
 of 0.0833 cm3 s-1, corresponding with a shear rate of 82 s-1. 

For fluorescence imaging, the entire flow chamber was placed on the 

sample stage inside a bio-optical imaging system (IVIS Lumina II, Caliper 

LifeScience, Hopkinton, MA, USA), yielding a field of view of 7.5  7.5 cm. The 

excitation wavelength was set at 465 nm, while a broad band-pass emission 

filter (515-575 nm) was used to measure fluorescence emission, with an 

exposure time of 5 s. Images were taken every 2 min and displayed on a 

pseudocolor scale, overlaid on a gray-scale image of the PPFC.  

Average fluorescence radiances, R (p s-1 cm-2 sr-1) over a region of 

interest (ROI) equal to the sample size were calculated with the Living Image 

software package 3.1 (Caliper LifeScience) which transforms electron counts on 

the CCD camera to an average fluorescence radiance emitted, taking into 

account the current optical parameters (area of the ROI, magnification, binning, 

diaphragm, exposure time and light collecting ability of the camera as 

calibrated with standard light sources. The detection limit of this approach is 

determined by the fluorescence detection limits of the optical setup, the 

fluorescent photon flux of single GFP producing bacterium and extent of 

fluorescence enhancement. The lower detection limit can be calculated to be 

around 5 x 105 bacteria cm-2 [9]. The upper detection limit is determined by the 

saturation level of the optical setup which can be adapted to high photon 

yields by several settings, as binning and aperture and has not been reached in 

this research. The limit for a linear range will be equal to bacterial monolayer 

coverage (around 108 bacteria cm-2). 
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Figure 1. Average fluorescence radiance, R(t) of S. aureus ATCC 12600 GFP as a 
function of time in a parallel plate flow chamber with a stainless steel bottom plate 
from a flowing suspension (a) and from a stagnant suspension (b). Note that after 
120 min, the bacterial suspension in the chamber was replaced with cell-free PBS 

to obtain the fluorescence radiance of adhering staphylococci. Nomenclature is 
explained in Eqs. 1-6. 

The flow chamber was first perfused for 30 min with PBS buffer after 

which the fluorescence radiance arising from the sample material and the 

buffer, R0, was measured (see Fig. 1a). Next the chamber was perfused for 120 

min with a bacterial suspension during which the fluorescence radiance R(t) 
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was monitored as a function of time. Since the measured radiance R(t) is 

determined both by fluorescence from adhering and flowing bacteria, the 

fluorescence signal from flowing and adhering bacteria needs to be unmixed. 

The radiance arising from flowing bacteria in suspension, Rsusp , was measured 

at the beginning of each experiment from the difference between R0 and R(0). 

In order to verify that the fluorescence radiance arising from the flowing 

suspension had remained constant during an experiment, Rsusp was also 

determined at the end of an experiment by switching the flow from a bacterial 

suspension to PBS for another 30 min and measuring the resulting difference 

in radiance again.  

Subsequently, the fluorescence radiance from the adhering bacteria on 

each sample, Ra (t) could be simply calculated from 

  susp0a RRR(t)(t)R                                    (1) 

in which Rsusp was taken as the average over the values obtained at the 

beginning and end of an experiment. 

In order to calculate the number of adhering bacteria from the 

calculated fluorescence radiance, Ra (t), the single cell fluorescent flux of an 

adhering bacterium has to be determined, while accounting for the fact that 

bacterial fluorescence may be influenced by reflection at the substratum 

surface. To this end, adhesion experiments were carried out in the PPFC in the 

absence of flow, allowing bacteria to sediment to the different substrata for 

120 min (see Fig. 1b), after which buffer was perfused at a flow rate of 0.0833 

cm3 s-1 through the chamber for 30 min to remove all remaining planktonic 

bacteria. Fluorescence radiances were measured twice, i.e. after filling the 
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chamber with buffer and immediately after filling it with bacterial suspension. 

Assuming that bacterial adhesion can be neglected immediately after filling the 

chamber with a bacterial suspension, the difference in fluorescence radiance, 

ΔR(0)static (see also Fig. 1b) can be applied to calculate the single cell 

fluorescence of planktonic bacteria, p (p s-1) as  

hc

ΔR(0)4π

0

static
p


                                                   (2) 

The concentration of planktonic bacteria after 120 min sedimentation, 

c120 (cm-3) can be calculated from the difference in fluorescence radiance, 

ΔR(120)static measured upon replacing the suspension with buffer according to 

static

static
0120

ΔR(0)

ΔR(120)
cc                           (3) 

During sedimentation and adhesion, the total fluorescence flux may 

increase due to SEF depending on the substratum material, while the total 

number of bacteria present remains unaltered. Hence the single cell 

fluorescence per adhering bacterium, a is equal to the fluorescence radiance 

of a planktonic bacterium increased with the additional contribution of SEF. 

The increase in fluorescence radiance due to SEF follows from the difference in 

initial fluorescence radiance and the radiance after sedimentation and 

adhesion of all bacteria in the system divided by the total number of bacteria 

and accordingly 

   
h)c(c

R(0)R(120)
4π

1200

staticstatic
pa




                                 (4) 

in which R(120) static is the radiance after 120 min of sedimentation (see Fig. 2b).  



 Enumeration of bacterial adhesion on non-transparent materials 

63 

 

 

Combining Eqs. 2 and 4 yields the ratio of fluorescence from adhering 

and planktonic bacteria, as a measure of the surface enhanced bacterial 

fluorescence 

staticstatic

staticstatic

p

a

ΔR(120)ΔR(0)

R(0)R(120)
1









                                  (5) 

Finally, the number of adhering bacteria on a substratum surface can 

be calculated by combining Eqs. 1 and 4 

a

a(t)R4π
n(t)




                                                       (6) 

Validation of the enumeration protocol on stainless steel 

In order to validate the enumeration protocol, deposition of S. aureus ATCC 

12600GFP on polished stainless steel was monitored using a metallurgical 

microscope for observation, i.e. not employing the bacterium’s fluorescent 

properties. A stainless steel substratum surface (76  50 mm) was ground and 

polished as described above, and used as the bottom plate of the flow 

chamber. Subsequently, the deposition of S. aureus ATCC 12600GFP was 

monitored over a surface area of 2.3  10-4 cm2 in the center of the bottom 

plate. The protocol for observation of bacterial deposition with metallurgical 

microscopy has been reported previously in details [6]. Note that the surface 

area examined here is much smaller than with macroscopic bio-optical imaging. 

Statistics 

Data were statistically analyzed using paired, two tailed Student t-tests. 

Significance was established at p < 0.05.  



 

 

Table 1. Summary of the different parameters derived from fluorescence radiance data simultaneously obtained for all of the 

materials in each of the experiments, including the fluorescence radiance arising from the substratum surface, R0 and from flowing 

bacteria in suspension, Rsusp as well as the fluorescence flux arising from a single planktonic (
p
) and adhering (

a
) S. aureus ATCC 

12600GPF. All data are presented ± standard deviations over five separate experiments with different bacterial cultures. 

 

Fluorescence parame-

ter 
Stainless steel Titanium PVC PMMA 

polished non-polished polished non-polished polished non-polished non- polished 
R

0
 (10

6 
p s

-1
 cm

-2
 sr

-1
) 3.2 ± 0.7 11.0 ± 3.9 8.6 ± 2.8 11.6 ± 3 10.1 ± 1.0 11.0 ± 0.9 11.8 ± 0.1 

R
susp 

(10
6 

 p s
-1

 cm
-2

 sr
-1

) 12.8 ± 5.8 10.6 ± 5.8 7.4 ± 4.2 11.4 ± 3.8 4.7 ± 5.2 4.8 ± 5.2 5.7 ± 2.9 


p 

(p s
-1

) 13.1 ± 6.0 10.8 ± 5.1 8.1 ± 3.9 11.6 ± 5.4 4.8 ± 2.2 5.0 ± 2.3 5.4 ± 2.1 


a
(p s

-1
) 16.1 ± 7.2 12.7 ± 5.7 9.2 ± 3.8 13.6 ± 6.1 5.0 ± 2.2 5.0 ± 2.4 

 

5.6 ± 2.0 
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RESULTS  

In Fig. 1a the average radiance, R(t), arising from S. aureus ATCC 12600GFP is 

shown during the course of an adhesion experiment using stainless steel as an 

example substratum. According to the protocol outlined, the fluorescence 

radiance arising from a substratum after filling the flow chamber with buffer, R0, is 

measured first. In Table 1 it can be seen that R0 is lower on polished metal 

surfaces than on non-polished ones, whereas the fluorescence radiance R0 on PVC 

was only slightly affected by polishing. Roughness of the substrata did not 

significantly influence the radiance arising from flowing planktonic bacteria, Rsusp, 

but in case of metal substratum surfaces a roughly two-fold higher fluorescence 

radiance arising from planktonic bacteria was observed than in case of the 

polymeric ones (Table 1).   

As a next step in the protocol, static adhesion experiments were carried 

out to determine the fluorescence flux per adhering bacterium. Fig. 1b shows the 

average radiance, R(t), arising from S. aureus ATCC 12600GFP during the course of a 

static experiment using stainless steel as an example substratum. After replacing 

the buffer with a bacterial suspension, a steady increase in fluorescence radiance 

was observed during bacterial sedimentation toward the metal surface to a stable 

value R(120)static. After replacing the bacterial suspension with buffer, the radiance 

only decreased slightly, indicating that virtually all bacteria in suspension had 

sedimented and adhered to the substratum surface. Longer durations of flushing 

with buffer up to 2 h, did not result in a further decrease in fluorescence radiance, 

indicating that bacterial adhesion has entered its irreversible stage (data not 

shown). Similar patterns of fluorescence radiance in time were found for all 

materials. 
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Figure 2. Surface enhanced bacterial fluorescence, expressed as the ratio between 
the single bacterial fluorescence of adhering and planktonic S. aureus ATCC 
12600

GFP
, φa /φp , on the different materials included in this study. Error bars 

indicate the standard deviation over five experiments with separate bacterial 
cultures. * Indicate significant differences between respective samples (polished 
versus non- polished or metal versus non-metal). 

Eqs. 2 and 4 allow calculation of the fluorescence flux arising from a single 

planktonic (
p
) and adhering (

a
) staphylococcus, respectively (Table 1). The 

measured fluorescence fluxes for a single planktonic and adhering organism are 

significantly higher on metal substrata than on PVC and PMMA. Polishing did not 

significantly influence the fluorescence fluxes arising from single planktonic and 

adhering staphylococci, within the large standard deviations (SDs) observed over 

multiple bacterial cultures. The ratio φa / φp can be calculated from data over one 
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and the same bacterial culture as a quantitative measure of surface enhanced 

bacterial fluorescence and shows surprisingly small SDs over multiple experiments 

(see Fig. 2). Surface enhanced bacterial fluorescence as indicated by the ratio φa / 

φp was found to be significantly higher than unity for the metallic substratum 

surfaces and equal to unity for the non-reflecting polymer surfaces.   
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Figure 3. Number of adhering S. aureus ATCC 12600
GFP

 as a function of time on the 
different materials (a) stainless steel, (b) titanium and (c) PVC as determined using 
macroscopic, bio-optical fluorescence imaging. Open symbols refer to polished 
samples, closed symbols to non-polished samples. Error bars represent the SDs 
over three experiments with separate bacterial cultures. 



Chapter 4  

68 

 

 

The number of bacteria adhering to the different materials as determined 

using macroscopic fluorescence imaging according to Eq. 6 are presented in Fig. 3 

as a function of time. Numbers of adhering staphylococci increase as a function of 

time, with steady state values developing after 120 min. Whereas on steel and 

PVC substrata the number of adhering staphylococci is slightly higher on polished 

than on non-polished surfaces, for titanium no significant effect of polishing has 

been observed.  
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Figure 4. Numbers of S. aureus ATCC 12600
GFP

 adhering to polished stainless steel 
in a parallel plate flow chamber obtained using macroscopic, fluorescence imaging 
as a function of results obtained using metallurgical microscopic observation. All 
data pertain to numbers of adhering bacteria observed at similar time points, but 
obtained in separate experiments for each enumeration method, while the dashed 
line indicates full correspondence between methods. Error bars represent SDs over 
five experiments with different bacterial cultures. 
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The proposed macroscopic enumeration protocol has been validated 

against routine microscopic enumerations on polished stainless steel using 

metallurgical microscopy, as presented in Fig. 4. Data obtained using both 

methods spread closely to the line of correspondence, but are about 5% higher 

using macroscopic fluorescence imaging. Moreover, the SDs in data obtained 

using macroscopic fluorescence imaging are larger within the first 50 min of an 

experiment, but smaller at later time points than obtained using microscopic 

imaging.  

DISCUSSION 

A stepwise protocol has been presented to quantitate adhesion of GFP producing 

S. aureus to polished and non-polished metal and polymer surfaces in a PPFC 

using macroscopic fluorescence imaging. The proposed method accounts for the 

fact that material surfaces may enhance bacterial fluorescence, not only of 

bacteria in suspension but, depending on the substratum, of adhering bacteria to 

even a larger extent.  

The observed fluorescence radiance of bacteria in suspension, as 

indicated by both Rsusp and 
p
, appeared to be significantly higher on metals than 

on non-reflecting surfaces. Enhancement of fluorescence from bacteria relatively 

far away from the surface can be explained by specular reflection of both 

excitation and emission light against the substratum surface. As a result, this 

increase in observed fluorescence of planktonic bacteria is directly related to the 

reflectivity of the surface and to this point, the ratio in reflectivities of stainless 

steel (0.55) and titanium (0.3) [15, 16] nearly equals the ratio φp in single cell 
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fluorescence of planktonic bacteria in the presence of a polished stainless steel 

and titanium surface (Table 1).  

An additional fluorescence enhancement was observed for adhering 

bacteria on metal surfaces as related to planktonic bacteria. Enhancement of the 

fluorescence arising from adhering bacteria is short-ranged and mechanistically 

different from specular reflection. Short-ranged fluorescence enhancement is 

known as Metal Enhanced Fluorescence (MEF) or Surface Enhanced Fluorescence 

(SEF) and has been described for GFP molecules [17], GFP expressing epithelial 

cells [18] and very recently for adhering bacteria [13], although our current 

protocol is the first protocol enabling reliable quantitation of SEF of adhering 

bacteria by the ratio φa / φp, which exceeds unity on stainless steel and titanium 

(see Fig. 2). SEF is caused by a decrease in the radiative decay of fluorophores due 

to the reflected emitted field which is equivalent to a higher quantum efficiency, 

in combination with a local concentration of the electromagnetic excitation field 

due to the reflecting nature of the metal [19, 20]. The concentration of the 

excitation field is confined to an effective range of 10 nm, whereas the radiative 

decay of fluorophores ranges over 20 nm. Interestingly, no fluorescence 

enhancement was observed of bacteria when adhering to a 150 µm thick glass 

slide, placed on top of a polished stainless steel surface, attesting to the short-

ranged nature of surface enhanced bacterial fluorescence and confirming its 

mechanistic difference from specular reflection. 

 The different steps in the protocol proposed for the enumeration of fluo-

rescent bacteria on non-transparent materials ensures that the influences of 

specular reflection and SEF are properly accounted for. This is evidenced by a 

comparison of the numbers of bacteria adhering to stainless steel using 
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macroscopic fluorescence imaging and metallurgical microscopy (see Fig. 4). Only 

minor differences between macroscopic and microscopic evaluations appear, 

which could be due to the fact that the bacterial concentration in suspension 

cannot be accurately determined and generally constitutes the largest source of 

error on bacterial adhesion studies [21]. Also relatively high SDs found in bacterial 

enumeration in the early stages of an experiment may be attributed to deviations 

in bacterial concentration, as these stages of the adhesion process are highly mass 

transport controlled and thus susceptible to small variations in bacterial 

concentration. Higher SDs for microscopic enumeration at later time points are 

probably due to non-homogeneous coverage of the substratum by adhering 

bacteria [11], attesting to an advantage of macroscopic enumeration covering a 

larger substratum surface than can be obtained in microscopic methods.  

 The lower detection limit was calculated to be ~5 
 105 bacterial cells cm-2 

and can be decreased ten-fold to ~5  104 bacterial cells cm-2 [9], corresponding to 

0.05% coverage, by summing more pixels prior to read out (‘binning’) and 

increasing the exposure time to 60 s. Therewith the method becomes more 

sensitive than traditional phase-contrast or metallurgical microscopy for studying 

initial bacterial adhesion. As an additional advantage the authors’ fluorescence 

based method does not require image analysis procedures to de-convolute 

clusters of adhering bacteria, and also the area investigated with macroscopic 

fluorescence imaging is much larger than with a microscopic method thus yielding 

more accurate data especially at low coverage. The method is directly applicable, 

without the use of additional protocols up to an upper limit of 1  108 bacteria  

cm-2, rougly equivalent to bacterial monolayer coverage. If, after growth, bacteria 

form multi-layered consortia, bio-optical imaging can still be used, as also 
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fluorescence emanating from deeper layers of a biofilm is easily captured by the 

highly sensitive camera systems of bio-optical imaging devices, which are 

designed to detect light emanating from inside live animals. However, because in 

this case it is difficult to differentiate between the fluorescence enhancement 

derived from SEF and specular reflection, strict linearity between the fluorescence 

measured and the number of bacteria in a biofilm, as existing up to monolayer 

coverage, is lost. This then necessitates the construction of a calibration curve by 

independent methods, such as, for instance plate counting. 

 

Figure 5. Illustration of the calculation of bacterial fluorescence for a planktonic, 
adhering, un-deformed and adhering, deformed bacterium. The volume of a 
bacterium is sliced up into cylindrical disks, over which the total fluorescence can 
be easily calculated by summation over all disks, yielding the total fluorescence per 
bacterium. For adhering bacteria (either un-deformed or deformed), surface 
enhanced fluorescence has been accounted for by assuming the distance 
dependence of GFP fluorescence, as described by Malicka et al. [12]. Bacterial cell 
wall deformation as a result of adhesion is approximated by an increase of the 
contact volume from 0.13% (un-deformed) to 0.3% of its volume within the range 
of SEF, while keeping the bacterial volume constant. 
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As another advantage, macroscopic fluorescence imaging can be applied 

regardless of the roughness of the substratum surfaces, which is not the case for 

example with metallurgical microscopy. Macroscopic fluorescent imaging shows 

that initial bacterial deposition rates are not impacted by the roughness of the 

substratum surfaces (Fig. 3), probably because adhesion is mass transport 

controlled. In the later stages of adhesion, non-polished surfaces with a roughness 

Ra ≥ 10 µm, as unpolished stainless steel, may provide less protection for micro-

organisms against shear forces. This is in line with previous observations that 

adhesion is most favorable on substrates with a roughness around 1 μm [22].  

Because the ratio φa / φp is independent of the bacterial concentration c0, 

the SDs of this ratio is relatively low as compared with the SDs over the φa and φp 

values themselves, turning the ratio φa / φp into a sensitive measure of SEF. The 

ratio φa / φp amounts around 1.2 for both metal surfaces, whereas for the polymer 

surfaces in this study this ratio is almost equal to 1. It is interesting to calculate 

whether a surface enhanced bacterial fluorescence ratio φa / φp of around 1.2 can 

be theoretically calculated based on the dimension and shape of an adhering 

bacterium. Assuming that the GFP molecules are homogeneously distributed 

throughout the entire volume of a bacterium, the fluorescence arising from a 

planktonic bacterium can be easily calculated by integration of the fluorescence 

over the volume of the bacterium (see Fig. 5). The distance dependence of SEF has 

been described for cyanine-dye-labeled oligonucleotides on silver [12], and 

assuming a similar distance dependence is valid for GFP molecules on stainless 

steel, it can be calculated (see also Fig. 5) that for an un-deformed spherical 

bacterium adhering to a metal surface, 0.13% of its volume is in range of SEF, 

yielding a surface enhanced bacterial fluorescence ratio φa / φp of 1.01, which is 
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lower than experimentally determined in this study. Adhesion of a bacterium 

towards a substratum, however, inevitably leads to minor deformation of the 

bacterium as a whole due to the viscoelastic response of the outer cell wall in 

response to the adhesion force exerted by the substratum surface [23]. When the 

contact volume is increased to possess 0.3% of its volume within the range of SEF, 

while keeping the bacterial volume constant, as is illustrated in Fig. 5, a surface 

enhanced bacterial fluorescence ratio φa / φp of 1.2 arises. Therewith the proposed 

method not only constitutes a new method to enumerate adhering fluorescent 

bacteria on a surface, but also to calculate the deformation of adhering bacteria 

under the influence of the adhesion forces exerted by a substratum. Importantly, 

whereas currently used atomic force microscopy-based methods to this end 

operate at the level of a single bacterium, macroscopic fluorescence imaging 

includes all bacteria adhering to a substratum surface, yielding statistically more 

reliable data over a larger population. 
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ABSTRACT  

Bacterial adhesion to surfaces is ubiquitous in natural and industrial environments 

and constitutes the first step in the formation of a biofilm. Over 60% of all human 

infections are biofilm-related. Bacterial adhesion is accompanied by initial bond-

maturation processes and cell wall deformation that may extend to the lipid 

membrane with an impact on antimicrobial susceptibility of the organisms. Cell 

wall deformation upon adhesion is difficult to measure and has only been 

described by extrapolation from the deformation behavior of Δpbp4 mutants, 

deficient in peptidoglycan cross-linking and therefore highly deformable. Here we 

evaluate surface-enhanced-fluorescence of fluorescently-engineered 

staphylococci adhering on gold surfaces. Adhesion-related-fluorescence-

enhancement depended on the distance of the bacteria to the gold surface and 

the cell wall deformation. By comparison with the residence-time dependent 

adhesion-related-fluorescence-enhancement of different strains of staphylococci 

prior to and after disruption of their extracellular-polymeric-substances (EPS)-

layer with the one of green-fluorescent microspheres, it could be concluded that 

initial bond-maturation, including condensation of the EPS-layer surrounding the 

bacteria occurred within 60 min. Cell wall deformation was independent of the 

integrity of the EPS-layer, except for the  isogenic Δpbp4 strain, for which cell wall 

deformation proceeded faster and started earlier after EPS disruption. Since cell 

wall deformation causes altered membrane stresses and re-arrangement of 

membrane lipids with an impact on bacterial susceptibility to antimicrobials, 

quantitative measurements of cell wall deformation are of high importance for 

the development of new antimicrobials, in an era in which antimicrobial-resistant 

organisms form an increasing threat.  
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INTRODUCTION  

Bacterial adhesion to substratum surfaces constitutes the first step in the 

formation of a biofilm. Biofilms can pose considerable problems in many industrial 

and environmental applications and over 60% of all human bacterial infections are 

due to biofilms [1, 2]. On the other hand, there are applications where the 

development of biofilms is beneficiary to processes like bioremediation of soil, or 

to support host-protection against invading pathogens [3, 4].  The bacterial cell 

wall consists of a relatively soft outermost layer, crucial for adhesion and biofilm 

formation, and a more rigid, hard core enveloped by a cross-linked peptidoglycan 

layer. The peptidoglycan layer is relatively thick in Gram-positive bacteria as 

compared to Gram-negative ones. The outermost bacterial cell layer can be 

composed of a variety of different surface appendages and a matrix of 

“extracellular polymeric substances” (EPS) containing amongst others, 

polysaccharides, lipids, proteins and eDNA. eDNA is pivotal for the integrity of the 

EPS layer around a bacterium and serves as a glue holding its various components 

together [5, 6]. 

The outermost surface of bacteria behaves differently upon adhesion to a 

substratum surface than the one of inert, non-biological particles, although 

similarities exist too. Both bacteria as well as inert particles show initial 

maturation of an adhesive bond by progressive removal of interfacial water, re-

arrangement of surface structures to increase the number of contact points and 

unfolding of surface-associated macromolecules. Residence-time dependent 

desorption phenomena in a parallel plate flow chamber, time dependent 

adhesion force measurements using atomic force microscopy (AFM) and 

experiments with a quartz-crystal microbalance with dissipation (QCM-D) have all 
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indicated that this type of physico-chemical bond-maturation proceeds on a time-

scale of several minutes [7]. The forces involved in bacterial adhesion to a 

substratum surface not only affect this initial bond-maturation, but moreover 

dictate the amount of EPS produced [8] and when exceeding a threshold force 

lead to so-called “stress de-activation” of an adhering bacterium [9]. Stress de-

activation can become so severe as to cause cell death. Nanoscale cell wall 

deformation upon bacterial adhesion to a substratum surface has been suggested 

to trigger the bacterial response to an adhering state [10, 11]. Nanoscale bacterial 

cell wall deformation is extremely difficult to measure due to the rigidity of the 

peptidoglycan layer. Evidence for bacterial cell wall deformation as a result of 

adhesion to a surface, stems from work with so-called Δpbp4 isogenic mutants. 

For Δpbp4 Staphylococcus aureus mutants lacking cross-linking in their 

peptidoglycan layers [3], relatively large deformations of up to 100-300 nm have 

been reported, depending upon the method applied [12].  Thus by extrapolation, 

it can be expected that wild-type strains also deform as a result of their adhesion 

to a surface, but less than their Δpbp4 isogenic mutants. 

Surface enhanced fluorescence (SEF) is a relatively newly discovered 

phenomenon that was first described for fluorescent proteins and later also for 

fluorescently-engineered bacteria. It involves enhanced emission of fluorescent 

light when fluorophores come close to a reflecting metal surface [13, 14]. SEF on 

average extends over a distance of around 100 nm and decreases exponentially 

with the distance of the fluorophore from a reflecting surface, as demonstrated 

by measuring SEF of proteins adsorbed to reflecting surfaces with polymeric 

spacers of different lengths in between [15, 16]. In principle, bacterial cell wall 

deformation brings the intracellular content closer to a substratum surface, and 
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hence it can be expected that SEF will enable quantitative evaluation of cell wall 

deformation of fluorescent bacteria upon their adhesion to a reflecting 

substratum. 

The aim of this study is to measure SEF of three green-fluorescent S. 

aureus strains upon adhesion to gold surfaces as a function of their residence-

time. Secondly, a model is proposed to describe the decrease of SEF with distance 

between green-fluorescent microspheres and a reflecting gold surface, based on 

the measurement of SEF of green-fluorescent microspheres adhering to gold-

coated quartz surfaces with adsorbed poly(ethylene glycol) methyl ether thiol 

(PEG-thiols) layers of different thickness. Further elaboration of the model 

enables to quantitatively evaluate bacterial cell wall deformation from SEF. Two S. 

aureus strains with differential expression of EPS were employed, as well as a 

Δpbp4 mutant, expected to yield more extensive deformation than its parent 

strain. All strains were evaluated prior to and after treatment with DNase I to 

disrupt the integrity of their EPS [17], therewith enabling separation of effects of 

initial physico-chemical processes, condensation of EPS and cell wall deformation. 

S. aureus was chosen as it represents a major pathogen in human health and 

disease, with especially pathogenic trades when involved in biomaterial-

associated infections. 
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RESULTS 

Fluorescence enhancement during deposition of staphylococci and 

microspheres  
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Figure 1. Total fluorescence enhancement, TFE(t), and percentage staphylococci 
and microspheres deposited to a gold-coated surface as a function of deposition 
time for three, green-fluorescent S. aureus strains. (a) S. aureus ATCC 12600

GFP
,
 
(b) 

S. aureus RN4220
GFP

, (c) S. aureus ATCC 12600 pbp4
GFP

 and (d) green-fluorescent 
microspheres. TFE is due to planktonic and adhering bacteria and microspheres, 
while deposition is expressed as a percentage of the number of adhering bacteria 
or microspheres, na with respect to their total numbers in the system, ntot . Error 
bars represent standard errors over four separate experiments with different 
bacterial cultures and microsphere suspensions. Open symbols represent data for 
staphylococci treated with DNase I. 

Deposition of S. aureus ATCC 12600GFP increased relatively fast towards a 

stationary level within 2 h, while its Δpbp4GFP isogenic mutant exhibited a slightly 

slower increase towards stationary levels, on a comparable time-scale as of S. 
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aureus RN4220GFP (Figs. 1a-1c). Green-fluorescent microspheres deposited most 

slowly (Fig. 1d). Concurrent with increasing numbers of staphylococci or 

microspheres adhering, the total fluorescence enhancement increased as well, 

but stationary levels of total fluorescence enhancement were only obtained for 

fluorescent microspheres and not for staphylococci within the time-scale of the 

experiment. Treatment of the staphylococci with DNase I hardly affected their 

deposition, while yielding a small increase in total fluorescence enhancement that 

is consistently present over time (see Figs. 1a-1c). 

Adhesion-related fluorescence enhancement as a function of residence-

time 

Fluorescent enhancement will increase over time due to increasing numbers of 

adhering staphylococci or microspheres on the gold surface and time dependent 

deformation of the bacterial cell wall. Using a finite summation procedure, we 

were able to calculate the adhesion-related fluorescence enhancement, (), as a 

function of residence-times, , of adhering fluorescent bacteria and microspheres. 

Both bacteria as well as inert particles showed a rapid, initial increase of adhesion-

related fluorescence enhancement (Fig. 2), followed by a slow, but continuous 

increase for the staphylococci (Figs. 2a-2c). For the fluorescent microspheres, 

however, a stationary level was obtained within 10 min (Fig. 2d). Also for S. aureus 

RN4220GFP stationary levels of adhesion-related fluorescence enhancement were 

observed albeit that a stationary level was only reached after a residence-time of 

2 h. Neither S. aureus ATCC 12600GFP nor its isogenic mutant S. aureus ATCC 12600 

Δpbp4GFP reached stationary levels of adhesion-related fluorescence enhancement, 

suggesting ongoing deformation processes for both strains up to 5 h of residence 

on a surface. This suggests that the rapid, initial increase is due to physico-
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chemical processes and EPS-condensation, while the slower, continued increase 

results from cell wall deformation. Importantly, the rate of continued increase is 

slightly higher for the Δpbp4GFP mutant (0.11 h-1) than for its parent strain (0.08h-1). 
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Figure 2. Adhesion-related fluorescence enhancement, (), as a function of 

residence-time, , for three, green-fluorescent S. aureus strains and microspheres 
adhering to a gold-coated surface. (a) S. aureus ATCC 12600

GFP
, (b) S. aureus 

RN4220
GFP

, (c) S. aureus ATCC 12600 pbp4
GFP

 and (d) green-fluorescent 
microspheres. Error bars represent standard errors over four separate experiments 
with different bacterial cultures and microsphere suspensions. Open symbols 
represent staphylococci treated with DNase I.  

Treatment of the EPS matrix of the staphylococcal strains with DNase I 

consistently resulted in an increased adhesion-related fluorescence enhancement 
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for residence-times exceeding 1 h. For shorter residence-times, this effect was 

less consistent (Figs. 2a-2c). 

Modeling the distance-dependence of adhesion-related fluorescence 

enhancement of fluorescent microspheres on PEG-thiol layers 

SEF of fluorescent proteins as a function of distance has been determined on 

reflecting surfaces with polymeric spacers of different lengths in between [15, 16]. 

The task at hand in this manuscript however, is more difficult and challenging, as 

we want to determine not only the effects of bringing an undeformed, fluorescent 

bacterium closer to a reflecting substratum surface as a result of physico-chemical 

processes and EPS-condensation under the influence of the adhesion forces, but 

we also want to quantify further deformation of the bacterial cell wall. Therefore, 

we first studied the time-dependence of the total fluorescence enhancement of 

undeformable, fluorescent microspheres adhering on gold surfaces with 

polymeric spacers of different molecular weights in between and determined 

their thickness using QCM-D (Fig. 3a).   
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Figure 3. Analysis of the fluorescence enhancement of green-fluorescent 
microspheres adhering to a gold-coated surface. (a) Total fluorescence 
enhancement, TFE(t) as a function of time to gold-coated surfaces with adsorbed 
PEG-thiol layers of different molecular weight. (b) Adhesion-related fluorescence 

enhancement, (δ), for green-fluorescent microspheres adhering to a gold-coated 
surface as a function of the adsorbed layer thickness of PEG-thiols. Fluorescent 
enhancement values are taken in the stationary phase of the deposition process 
(see Fig. 3a) and are independent of residence-time (see also Fig. 2d). The dotted 
line represents fluorescence enhancement as function of distance according to 
the model presented for undeformed fluorescent microspheres on a reflecting 
metal surface, using the model parameters Γ=10

9
 s

-1
, knr =4x10

8
 s

-1
, N

0
nr = 38000, 

dn = 8.5 Å, N
0

r = 186, dr = 300 Å, N
0

ex = 70 and de = 350 Å to provide an optimal fit 
of the calculated versus the measured fluorescence enhancement. Error bars 
represent standard errors over four separate experiments with different 

suspensions of microspheres. (c) Calculated fluorescence enhancement, (d), of 
green fluorescent molecules as a function of distance, d, to the substratum as 
calculated on basis of model parameters obtained from the fitting procedure. 
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Fig. 3b presents the adhesion-related fluorescence enhancement of 

green-fluorescent microspheres of similar size as our staphylococci on gold 

surfaces, coated with PEG-thiol layers as a function of the coating thickness. 

Adhesion-related fluorescence enhancement for microspheres decreased with 

increasing thickness, i.e. the distance between the microspheres and the 

reflecting gold surface. Since adhesion-related fluorescence enhancement of 

microspheres was immediate and not increasing over time (see Fig. 1d), it can be 

assumed that the surfaces of the microspheres were in direct contact with the 

PEG-thiol coating within the 10 min time-resolution of our measurements. SEF of 

single fluorophores can be described [15] as the combined result of metal-induced 

increases in the rate of (1) fluorescence quenching or non-radiative decay (knr) by 

a factor Nnr, (2) fluorescence emission or radiative decay (Γ) by a factor Nr and (3) 

excitation of fluorophores by a factor Nex. The distance-dependent fluorescence 

enhancement of a single fluorophore, α(d), on a reflecting metal surface can be 

described by the relative increase of the quantum yield Q(d) as related to the 

quantum yield far away from the substratum, Q   , multiplied by the increase in the 

excitation rate 

)d(N
Q

)d(Q
)d(α ex

∞

=            (1) 

The quantum yield, Q(d), decays according to the ratio of radiative decay relative 

to the total decay [13], i.e. the sum of the radiative and non-radiative decays 

nrnrr

r

k)d(NΓ)d(N

Γ)d(N
)d(Q

+
=    (2) 
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The non-radiative, radiative and excitation rates occurring in Eqs. 1 and 2 

decrease exponentially as a function of the distance to the reflecting metal 

surface according to 

1

1

1

0

0

0







)/-exp()(

)/-exp()(

)/-exp()(

dedNdN

drdNdN

dndNdN

exex

rr

nrnr

                     (3) 

where dn, dr, and de are the characteristic distances over which these effects 

decrease.  In our case of macroscopic particles, model parameter values have 

been obtained by least-square fitting calculated fluorescent enhancements 

against experimental adhesion-related fluorescence enhancements as a function 

of distance, δ, between microspheres and the gold surface (Fig. 3b). To this end, it 

is assumed that fluorophores distribute homogeneously within the microspheres, 

while we describe their volume as a stack of 100 cylindrical disks. Eqs. 1 to 3 

subsequently allow calculation of the fluorescent enhancement by each disk and 

summation values can be compared with experimental data. Least-square fitting 

was done for values of N0
ex, dr and de, resulting in a high quality of the fit (R2 = 

0.99; see Fig. 3b). Values for the decay rates in the absence of a metal, Γ (109 s-1) 

and knr (4x108 s-1) and enhancement factors N0
nr (38000) and N0

r (186) and dn (8.5 

Å) were taken identical to values derived for surface enhanced fluorescence of 

Cy3-labeled oligonucleotides on silver particles [15], because they were 

independent of SEF (Γ and knr) or had the lowest impact on adhesion-related 

fluorescence enhancement of microspheres calculated. Based on these parameter 

values the distance dependency of fluorescence enhancement of a single 

fluorophore, α(d) on gold, could be obtained as shown in Fig. 3c. The range of 
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around 100 nm over which SEF extends was very similar to the distance 

dependency of single molecule fluorescence enhancement on gold  described 

earlier [18], whereas the maximum enhancement of 79, at d= 6.6 nm was within 

the range of the maximum theoretical effect predicted to be 140 [19]. 

Residence-time dependent adhesion-related fluorescence enhancement 

and staphylococcal cell wall deformation  

Adhesion-related fluorescence enhancement of undeformable microspheres 

immediately reached a stationary value of around 1.6, within the time-resolution 

of our fluorescence measurements. Adhering staphylococci however, did not 

reach that level of fluorescence enhancement, which indicates that they kept a 

larger distance between the cell wall through the presence of the EPS layer 

around them that could be calculated using the model for the distance-

dependence of adhesion-related fluorescence enhancement forwarded above. If 

we assume that cell wall deformation only occurs when a bacterium has 

approached the gold surface to the closest possible distance, we can first derive 

the residence-time dependent distance between the staphylococci and the 

surface. The initial distance varied between 25 and 45 nm, depending on the 

strain considered and decreased within an hour (Fig. 4). Interestingly, DNase I 

treated staphylococci with a disrupted EPS layer approached the surface faster 

than strains with an intact EPS layer to a distance of 18.5 nm. Adapting this as the 

closest possible distance to which bacteria can approach the substratum surface, 

further interpretation of adhesion-related fluorescence enhancement was done in 

analogy to the model outlined above for fluorescent microspheres, but now 

allowing cell wall deformation. Cell wall deformation brings a larger fluorescent 
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volume of the adhering staphylococcus closer to the surface and accordingly 

adhering staphylococci were assumed to deform from an initial sphere with radius 

R0 to an oblate ellipsoid, with a short, polar radius, b and a circular equatorial 

plane with radius, a. Requiring constant volume V, i.e. 

3
0

2

3

4
=

3

4
= R

π
ba

π
V     (4) 

The ellipsoids could also be divided in stacks of discs and using the model 

proposed above and the parameters presented in Fig. 3, cell wall deformation 

could be quantitated and expressed as the difference between the radius of the 

undeformed staphylococcus, R0 and the short, polar radius of the ellipsoidally 

deformed bacterium. All three staphylococcal strains deformed between 1 and 5 

h after deposition on the gold surface. It should be noted that deformation was 

calculated up to 5 h for demonstration of the principle, while under more 

physiologically relevant conditions adhering bacteria may well have divided by 

then. S. aureus ATCC 12600 deformed more extensively than S. aureus RN4220, 

but both parent strains with cross-linked peptidoglycan layers demonstrated 

similar cell wall deformations irrespective of DNase I treatment. S. aureus ATCC 

12600 Δpbp4GFP, deficient in peptidoglycan cross-linking showed the most 

extensive deformation of its cell wall (Fig. 4), that initially seemed dampened by 

the presence of an intact EPS layer compared to the deformation observed for the 

DNase I treated Δpbp4GFP mutant.  

DISCUSSION 

The biofilm-mode of growth is a ubiquitously occurring, but unique form of 

bacterial growth during which the organisms experience forces from the surfaces 
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to which they adhere, i.e. either substratum surfaces or surfaces of neighboring 

bacteria. This is unlike the situation during planktonic growth, where they are 

freely suspended in an aqueous phase. The forces experienced by bacteria in a 

biofilm-mode of growth have been demonstrated to have severe impact on their 

susceptibility to antimicrobials and general viability [9, 20]. The response of 

bacteria to these adhesion forces has been suggested to be due to cell wall 

deformation, causing altered membrane stresses [9], and re-arrangement of 

membrane lipids [21]. AFM has demonstrated that the bacterial cell wall can 

indeed be deformed up to the level of its rigid peptidoglycan layer, but these 

experiments have all been carried out by wrenching bacteria between a 

substratum surface and an AFM-cantilever [22] or tip [23, 24] under the influence 

of an applied loading force, rather than under the influence of the naturally-

occurring adhesion force arising from a substratum surface. Besides AFM-imaging 

of bacteria artificially immobilized on positively charged surfaces [25], not 

naturally-occurring, bacterial cell wall deformation under the influence of 

naturally-occurring adhesion forces has never been demonstrated nor reliably 

quantified. In this study, we used recently described surface enhanced 

fluorescence of adhering bacteria [14, 26] to assess bond-maturation processes 

and cell wall deformation of staphylococci adhering to gold surfaces. 

To this end, we have developed a new model to describe the distance 

dependence of SEF for undeformable microspheres and bacteria, that we 

extrapolate to deformation of the rigid, bacterial core of adhering bacteria 

containing the fluorophores. The initial bond-maturation process includes 

physico-chemical changes that have been described to occur within several 

minutes [7] and that by consequence of the 10 min time-resolution of our 



Chapter 5  

94 

 

 

experiments cannot be separated from effects of EPS-condensation. In this initial 

bond-maturation process, significant effects of DNase I treatment of staphylococci 

are seen for S. aureus ATCC 12600GFP and S. aureus RN4220GFP. Although this initial 

bond-maturation is more extensive for S. aureus ATCC 12600GFP than for its 

isogenic mutant S. aureus ATCC 12600 Δpbp4GFP (Fig. 4), this difference disappears 

after DNase I treatment. S. aureus RN4220GFP differs from S. aureus ATCC 12600GFP 

in the sense that DNase I treatment of S. aureus ATCC 12600GFP removes virtually 

all stainable EPS, while stainable EPS clearly remains behind after DNase I 

treatment in case of S. aureus RN4220GFP (Supplementary Fig. S1). Thus, whereas 

DNase I treated S. aureus ATCC 12600GFP immediately reaches the distance of 

closest possible approach to the gold surface, this requires more time for S. 

aureus RN4220GFP (see Fig. 4).  

The bacterial core of adhering staphylococci enveloped by peptidoglycan, 

deforms more readily in case of S. aureus ATCC 12600 Δpbp4GFP, deficient in 

peptidoglycan cross-linking than observed for both wild-type strains, which 

supports the validity of our model. Nevertheless also the staphylococcal cores 

enveloped by cross-linked peptidoglycan deform. DNase I treatment to disrupt the 

integrity of the EPS layer, destabilizes the cell wall of the Δpbp4 GFP mutant, 

resulting in an almost instantaneous cell wall deformation right after adhesion. 

This confirms a recently proposed new role for EPS as a stress-absorber [25], 

hampering cell wall deformation and the associated development of membrane 

stresses that may increase bacterial susceptibility to antimicrobials [9]. 
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Figure 4. Bacterium-substratum distance, δ, and bacterial cell wall deformation, 
(R0-b), as a function of the residence-time of staphylococci adhering to gold 
surfaces. Left axis - Bacterium-substratum distance, δ, (circles) as a function of 
residence-time. Right axis - Bacterial cell wall deformation, (R0-b), (squares) as a 
function of residence-time. Open symbols refer to staphylococci treated with 
DNase I. Error bars represent standard errors calculated from adhesion-related 
fluorescence enhancement data from four different bacterial cultures.   

Cell wall deformations, obtained using AFM-imaging measured within 

approximately 1 h of contact for a similar collection of staphylococcal strains 

immobilized on a positively charged, α-poly-L-lysine coated surface are within the 

range of the deformations observed here after 5 h of bond-maturation on a 

negatively charged gold surface [12]. This attests to a major influence of the 

substratum surface charge on final cell wall deformation. Moreover, it 

demonstrates that SEF is the only method to quantitatively derive cell wall 

deformation, with an accuracy that exceeds AFM-imaging by far. Wrenched 

between V-shaped and colloidal-probe AFM tips, deformations of Gram-negative 

Pseudomonas aeruginosa PAO1 under an applied force of 10 nN, exerted during a 

time-period of 10 s, amounted 200 nm, while similar conditions for Gram-positive 
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Bacillus subtilis 168 strain yielded 80 nm deformation [23, 27]. Considering the 

extremely short time-periods involved in these studies while yielding deformation 

in the same order of magnitude as found in our studies after 5 h, it can be 

concluded that experiments in which bacteria are wrenched between a 

substratum and an AFM cantilever overestimate bacterial cell wall deformation as 

occurring under the influence of naturally-occurring adhesion forces. The 

relevance of such experiments can be increased by matching the applied force to 

the naturally-occurring adhesion force, but the highly localized force by the AFM 

tip or colloidal-probe attached to a cantilever will always yield a stress 

concentration alien to the natural situation of bacterial adhesion to a substratum 

surface.  

Summarizing, we have forwarded a new method to determine residence-

time dependent adhesion-related fluorescence enhancement, and developed a 

model through which bond-maturation of bacteria adhering on reflective metal 

surfaces can be analyzed in terms of initial bond-maturation processes, including 

EPS condensation and cell wall deformation. Cell wall deformation plays an 

important role in understanding bacterial susceptibility to antimicrobials and with 

the era of current antimicrobials approaching its end [28], accurate measurement 

of cell wall deformation as a result of bacterial adhesion to surfaces, irrespective 

of whether of synthetic or biological origin, is important to develop alternatives 

for current antimicrobials. 
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METHODS  

Bacterial strains and culture conditions 

Three different S. aureus strains were involved in this study, i.e. S. aureus RN4220, 

S. aureus ATCC 12600 and its isogenic pbp4 mutant differing in the degree of 

cross-linking of their peptidoglycan layer [3]. To generate GFP expressing bacteria, 

the plasmid pMV158 GFP containing optimized GFP under control of the 

constitutively expressed MalP promoter [29], was introduced into these S. aureus 

strains by electroporation [26].  Bacteria were routinely cultured aerobically at 

37°C on a Tryptone Soya Broth (TSB; OXOID, Basingstoke, England) agar plate 

supplemented with 10 g cm-3 tetracycline. One colony was used to inoculate 10 

cm3 TSB also supplemented with 10 g cm-3 tetracycline and this pre-culture was 

grown for 24 h at 37°C. The pre-culture was diluted 1:20 in 200 cm3 TSB and 

grown for 16 h at 37°C. Cultures were harvested by centrifugation (Beckman J2-

MC centrifuge, Beckman Coulter, Inc., CA, USA) for 5 min at 4000 g, and washed 

twice with 10 cm3 phosphate buffered saline (PBS; 5 mM K2HPO4, 5 mM KH2PO4, 

0.15 M NaCl, pH 7.0). To break staphylococcal aggregates, sonication at 30 W 

(Vibra Cell Model 375, Sonics and Materials Inc., Danbury, CT, USA) was applied (3 

times 10 s), while cooling in an ice/water bath. Finally, bacteria were resuspended 

in PBS to a concentration of 3  108 cm-3 as determined in a Bürker-Türk counting 

chamber.  

DNase I treatment 

All three S. aureus strains produced EPS, as they grew black colonies on Congo 

Red agar plates (data not shown). To address the contribution of the EPS-matrix 

on cell wall deformation, bacterial pellets harvested from 200 cm3 TSB culture 
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were suspended in 10 cm3 PBS solution with 100 g cm-3 DNase I  (Fermentas Life 

Sciences, Roosendaal, The Netherlands) for 1 h at 37C, after which sonication at 

30 W was applied (3 times 10 s) to remove naturally present endogenous eDNA 

and therewith disrupting the EPS matrix on the bacterial cell surfaces. 

Subsequently, bacteria were harvested, washed and sonicated to break 

staphylococcal aggregates, as described above. Finally, bacteria were 

resuspended in PBS to a concentration of 3  108 cm-3, as described above. 

Fluorescent microspheres 

Green-fluorescent polystyrene microspheres with a diameter of 1.1 m 

(Molecular Probes, Invitrogen Life Technology, Grand Island, NY, USA) were used 

as a model system. As received suspensions were diluted in PBS to a 

concentration of 1 107 cm-3 as determined in a Bürker-Türk counting chamber. 

Gold-coated surfaces, coupling of PEG-thiols and their layer thickness 

using QCM-D 

Gold-coated quartz-crystal sensors (Jiaxing JingKong Electonic Co. Ltd., Jiaxing, 

China) were used as a reflecting substratum for staphylococcal adhesion and 

adhesion of green-fluorescent microspheres. Before each experiment, gold-

coatings were cleaned by immersion in a 3:1:1 mixture of ultrapure water, 

NH3H2O and H2O2 (Merck, Darmstadt, Germany) at 70C for 10 min. After cleaning, 

gold-coated crystals were mounted in the chamber of a QCM-D (Q-Sense AB, 

Gothenburg, Sweden) to allow deposition of staphylococci and microspheres. The 

QCM-D chamber is disc-shaped with a diameter of 14 mm, and a height of 0.66 

mm [30].  
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In order to establish a relation between SEF with the distance of 

fluorescent microspheres, the gold surfaces were coated with a self-assembled 

monolayer with variable thickness. To this end, the gold-coated crystals were 

placed in the QCM-D chamber and the system was perfused with water at a flow 

rate of 0.144 cm3 min-1 until stable baseline values were obtained with the QCM-D. 

Subsequently, the chamber was filled with 0.2 mM PEG-thiols (molecular weight 

of 2000, 5000, and 10000; Sigma-Aldrich, St. Louis, MO, USA) solution in water for 

30 min at room temperature after which the chamber was perfused again with 

water and the resulting changes in frequency and dissipation were used to 

calculate the adsorbed layer thickness of the PEG-thiols with the QCM-D 

accompanying software package (Q-Sense, Sweden) [31, 32]. 

Deposition of staphylococci and microspheres and fluorescence imaging 

Next, a suspension of fluorescent staphylococci or microspheres was flown into 

the QCM-D chamber and flow was arrested to allow measurement of deposition 

using a metallurgical microscope. For deposition measurements, the microscope 

was equipped with a 40 objective (ULWD, CDPlan, 40PL, Olympus Co, Tokyo, 

Japan), connected to a CCD camera (Basler A101F, Basler AG, Germany). 

Staphylococci or microspheres were allowed to sediment under the influence of 

gravity and the number of bacteria or particles adhering per unit area was 

expressed as a fraction of the numbers of bacteria or particles adhering to the 

coatings in a stationary phase, i.e. when all staphylococci present in the chamber 

had deposited. 

For fluorescence imaging, the entire QCM-D chamber was placed on a 

sample stage inside a bio-optical imaging system (IVIS Lumina II, PerkinElmer, Inc., 

Hopkinton, MA, USA), and the above described deposition experiments repeated. 
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The IVIS was kept at 20C and provided a field of view of 7.5 x 7.5 cm, to 

encompass the diameter of the crystal surfaces. Excitation and emission 

wavelengths for detection of both GFP staphylococci and microspheres were 465 

nm and 515-575 nm, respectively. An exposure time of 5 s was employed and 

images were taken every 10 min over the entire period of 5 h. Average 

fluorescence radiances, R (p s-1 cm-2 sr-1) over a 1 cm2 user-defined region of 

interest were determined for each image with the Living Image software package 

3.1 (PerkinElmer Inc., USA) which transforms electron counts on the CCD camera 

to an average fluorescence radiance, taking into account the current optical 

parameters (area of the region of interest, magnification, binning, diaphragm, 

exposure time and light collecting ability of the camera as calibrated with 

standard light sources). The total number of staphylococci or microspheres, ntot, 

contributing to the fluorescent radiance captured within the region of interest 

was around 2.0  107 and 6.6  105, respectively. Fluorescence radiance R(t) was 

monitored as a function of time during deposition.  

Calculation of residence-time dependent, adhesion-related fluorescence 

enhancement 

The increase of the fluorescence radiance due to adhesion of fluorescent 

staphylococci or microspheres was measured relative to the fluorescence of 

planktonic ones and expressed as a total fluorescence enhancement, TFE(t), 

according to 
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in which R(t) denotes the fluorescence radiance at time t, while R0 and R(0) 

indicate the fluorescence radiance before and after the introduction of 

staphylococci or microsphere suspension into the flow chamber, respectively. 

TFE(t) comprises the fluorescence contribution from adhering bacteria or 

microspheres and those still in the suspension. Note that for staphylococci, 

demonstrating a residence-time dependent fluorescent enhancement, TFE(t) 

comprises the fluorescence contribution from adhering bacteria with various 

residence-times and the ones still in the suspension. Accordingly,  
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in which  0 is the fluorescence from staphylococci in suspension, () is the 

adhesion-related residence-time dependent fluorescence enhancement, τ is the 

residence-time of adhering staphylococci, j(t) is the deposition rate at time t and 

ntot is the total number of bacteria or microspheres, both in suspension and 

attached, contributing to the fluorescent radiance captured within the region of 

interest. 

In order to assess (), Eq. 6 has been transformed to a finite summation 

according to 

11
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in which ij  is the deposition rate at time i x Δt divided by ntot. Subsequently 1, 

the adhesion-related fluorescence enhancement for the shortest residence-time 
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Δt, is obtained from the first measurement after the start of an experiment at 

t=Δt 

  1
1

1

1
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In line, m, the adhesion-related fluorescence enhancement for residence-time m 

x Δt, can be calculated after m consecutive steps according to 
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Statistics 

Data were statistically analyzed using paired, two tailed Student t-tests. 

Significance was established at p< 0.05. 
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SUPPLEMENTARY MATERIAL 

  

Figure S1. Stainable EPS expression in planktonic cultures of S. aureus ATCC 12600
GFP

 and S. 

aureus RN4220
GFP

.  

Staphylococci, grown and harvested as described in the main text, were sus-

pended in 10 cm3 PBS to obtain an optical density at 578 nm of 1. Subsequently, 

1.5 cm3 of this cell suspension was pelleted at 5000 g for 5 min at 10°C, after 

which EPS was extracted by re-suspending the pellet in 0.05 cm3 of 0.5 M EDTA 

(pH 8.0) for 5 min at 100°C. Concentrated EPS was incubated at 37°C with 0.01 

cm3 of 20 μg cm-3 proteinase K for 30 min and diluted 1: 100 in water and 0.04 

cm3 was blotted on a nitrocellulose membrane. The membrane was then blocked 

using 1% bovine serum albumin-Tris Buffered Saline (20 mM Tris-HCl, pH 7.5, 500 

mM NaCl, 0.05% Tween20) for 1 h under mild shaking at room temperature. The 

membrane was subsequently incubated with a 1: 10,000 dilution of Wheat germ 

agglutinin (Sigma-Aldrich) for 1.5 h with mild shaking at room temperature. 

Wheat germ agglutinin is a biotin labelled antibody specific for poly-n-

acetylglucosamine (PNAG), a major constituent of staphylococcal EPS. Finally, 
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streptavidin IRDye (LI-COR Biosciences, Lincoln, USA) was added in 1: 10,000 dilu-

tion for 30 min under similar conditions and the membrane was washed 3 times, 5 

min each, with Tween20-Tris buffered saline. The membrane was imaged using an 

Odyssey Infrared Imaging System (LI-COR), yielding dark spots on the blot indica-

tive of the amount of PNAG. 
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MACROSCOPIC FLUORESCENCE IMAGING OF BACTERIAL 

ADHESION  

Bacterial adhesion to material surfaces is a relevant issue in many academic, 

industrial and medical disciplines and is therefore widely studied [1-5]. 

Observation of bacterial adhesion in flow displacement systems is becoming 

increasingly popular because adhesion kinetics can be investigated under well 

controlled hydrodynamic conditions by real-time enumeration of individual, 

adhering bacteria using appropriate imaging techniques [6-11]. In this thesis a 

new imaging modality has been established which is complementary to the three 

standard imaging modalities used in the study of bacterial adhesion: Phase 

Contrast Microscopy, Fluorescence Microscopy and Confocal Laser Scanning 

Microscopy (CLSM) (see Fig. 1). This has been accomplished by successfully 

addressing two key issues in macroscopic fluorescence imaging, i.e. unmixing the 

fluorescence radiance emitted by bacteria adhering on the bottom plate of a 

parallel plate flow chamber (PPFC) from the overall fluorescence signals (Chapter 

3) and surface enhanced fluorescence (SEF) (Chapter 4). 

Whereas fluorescence microscopy and CLSM are used for determining the 

2D- and 3D-distributions (CLSM) of bacteria including the extracellular polymeric 

substances in a biofilm by fluorescence staining techniques, exact enumeration of 

bacteria is cumbersome and restricted to small spots on a substrate. In phase 

contrast microscopy the number of adhering bacteria can be determined with 

great accuracy in real time during deposition, but the applicability of the 

technique is mainly restricted to flat and transparent substrates. Macroscopic 

Fluorescence Imaging (MFI) partly fills in unmet functionality in either of these 
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methods: it enables the enumeration of bacteria on non-transparent substrata, 

but also has full potential in enumerating bacteria in 3D-structures. 

Phase Contrast 
Microscopy

Confocal Laser 
Scanning Microscopy

Macroscopic 
Fluorescence

Imaging
Enumeration of

bacteria on 
(non-)transparent 

substrates and in 
3D-structures

Real time

Distribution of
bacteria and 
extra cellular 
substances in 
3D-structures

Distribution and 
enumeration of

bacteria on 
transparent

2D-substrates
Real time 

Fluorescence
Microscopy

Distribution of
bacteria and 
extra cellular 
substances on 
2D-substrata

 
Figure 1. Imaging modalities in the study of bacterial adhesion with partly 
complementary functionality.  

ENUMERATION OF BACTERIA IN 3D-STRUCTURES  

We demonstrated that MFI could be applied to enumerate bacterial adhesion on 

flat inorganic (glass), organic (PMMA, black PVC) and metallurgical (stainless steel, 

titanium, gold) materials (Chapter 3, 4 and 5) but because it turned out to be 

possible to discriminate fluorescent planktonic bacteria in suspension from sessile 

bacteria, MFI can acquire quantitative information even from bacteria residing 

and accumulating in three dimensional structures or scaffolds, provided that they 

are transparent, allowing the study of multi-species microbial adhesion and 

biofilm growth. 



Chapter 6 

112 

 

 

a b

0

20

40

60

80

100

0 1 2 3 4 5 6 7

a
d

h
e
ri

n
g
 E

. 
c
o

li
(1

0
6

c
m

-2
)

time (h)

C. albicans hyphae

glass

c

A
d

h
e

ri
n

g 
E.

 c
o

li
(1

06
cm

-2
)

Time (h)

○ C. albicans hyphae
□ Glass

0 1 2 3 4 5 6 7

100

80

60

40

20

0

 

Figure 2. Fluorescent microscopic images of adhesion of E. coli pRSETB
RFP

 for (a) 2 h 
and (b) 6 h on C. albicans pACT

GFP
 hyphae lawns. (c) Comparison of the number of E. 

coli pRSETB
RFP

 adhering as a function of time on lawns of C. albicans pACT
GFP

 hyphae 
and on bare glass.  
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Figure 3. Number of S. aureus ATCC 12600

GFP
 in biofilms in a parallel plate flow 

chamber, grown in different concentrations of Tryptone Soya Broth (TSB) 
nutrient medium, after deposition of bacteria from a flowing bacterial 
suspension in phosphate buffered saline (PBS; 5 mM K2HPO4, 5 mM KH2PO4, 
0.15 M NaCl, pH 7.0). The number of bacteria was obtained from the 
fluorescence radiance data averaged over the entire surface of the flow 
chamber. Error bars represent standard deviations from measurements with 
three separately grown cultures.     

As an example, we compared adhesion of Escherichiae coli pRSETBRFP on 

Candida albicans pACTGFP hyphae filaments grown on glass with bacterial adhesion 

on a bare glass surface (Fig. 2). Also we imaged the growth of a multi-layered 

biofilm of Staphylococcus aureus ATCC 12600GFP in different concentrations of 

Tryptone Soya Broth nutrient medium (Fig. 3), as well as the macroscopic 

distribution of bacteria in a biofilm (Fig. 4). 
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Figure 4. Three dimensional distribution of bacteria in a biofilm grown in full 
TSB medium for (a) 4 h, (b) 12 h and (c) 24 h over the entire bottom plate of a 
PPFC. TSB media flowed along x-axis at a shear rate of 10 s

-1
. All bacterial 

numbers presented were inferred from single bacterial fluorescence.  
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DETECTION LIMITS, RESOLUTION AND ACCURACY   

Apart from functional differences, MFI may vary with respect to the other 

modalities in resolution, sensitivity and accuracy. The lower detection limit of the 

MFI to enumerate adhering bacteria is governed by several factors, such as the 

detection limit of the fluorescence imaging setup, the intensity of excitation light, 

the fluorescence photon yield and the radiative decay rate of the fluorophore, the 

amount of fluorophores residing in single bacteria, and fluorescence 

enhancement by specular reflection and SEF. According to the initial experimental 

protocol proposed in Chapter 4, the lower detection limit of about 5 


 105 bacteria  

cm-2 was obtained for S. aureus ATCC 12600GFP. Moreover, the lower detection 

limit could be down to 2 


 103 bacteria cm-2 for E. coli pRSETB RFP on stainless steel 

316L by employing brighter red fluorescent proteins and optimizing the setting of 

fluorescence imaging setup. Remarkably, the lower detection limit for a 

commercially available FluoSphere fluorescent particle is 80 particles cm-2 on 

stainless steel surfaces. Therewith the method is more sensitive than traditional 

phase-contrast or metallurgical microscopy for studying initial bacterial adhesion. 

The method is directly applicable, without the use of additional protocols, and 

does not have a real upper limit, in contrast to microscopic imaging for which 

enumeration of adhering bacteria is practically limited to a bacterial monolayer 

coverage, roughly equivalent to 1108 bacteria cm-2.  If, after growth, bacteria 

form multi-layered consortia, MFI can still be used, in contrast to CLSM because 

also fluorescence emanating from deeper layers of a biofilm is easily captured by 

the highly sensitive camera systems of the bio-optical imaging device, which is 

designed to detect light emanating from inside live animals.  
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There are two major factors that might influence the accuracy and 

precision of bacterial enumeration by MFI. Firstly, since the concentration in 

bacterial suspension is used to determine the photon flux of a single bacterium 

(see Chapter 3, eq. 2), the bacterial concentration in suspension constitutes the 

largest source of error in bacterial adhesion studies. This accuracy could be 

increased by measuring the amount of adhering bacteria with a microscope on a 

transparent material after bacteria settled down and deposited on the bottom 

plate under a stagnant condition (Chapter 4). The photo-instability of the 

fluorophore is the second factor that affects the accuracy of the method. 

However, the use of the very sensitive camera and the dark room of the in vivo 

imaging system (IVIS Lumina II, PerkinElmer, Inc., Hopkinton, MA, USA), enabled 

us to keep the excitation light level low and exposure times short. In this thesis, 

the fluorophores in S. aureus ATCC 12600GFP and E. coli pRSETBRFP maintained 

photo-stable for 20 h at room temperature. Nevertheless, we found that higher 

excitation light intensity and longer exposure times lead to rapid decay of 

fluorescence. 

The spatial resolution in MFI is mainly determined by the pixel size of the 

CCD camera and is inversely scaled to the magnification, which is defined as the 

dimension of the CCD chip divided by the dimension of the field of view [12]. The 

lowest limit of spatial object resolution could be 100 µm under the optical 

condition employed in this thesis and is far higher than the microscopic 

techniques mentioned.   
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SURFACE ENHANCED FLUORESCENCE  

In apparent contradiction to the low spatial resolution of MFI, the assessment of 

SEF offers a very sensitive method to measure how closely bacteria approach a 

substratum surface, including their possible deformation upon adhesion. SEF 

arises from bacterial fluorophores at very short distances from the substratum 

(<100 nm), and is dependent on the fluorophore-metal distance [13, 14]. Changes 

in SEF during time after bacterial settlement, accurately measured  over the entire 

field of view covering thousands of adhering bacteria, correspond to nanometer 

changes in the average bacterial proximity to the substratum and offers a new 

pathway to evaluate the long-term, time-dependent bacterial cell surface 

deformation during adhesion without external forces being applied such as in 

atomic force microscopic methods (Chapter 5).  

SEF as defined and measured in this thesis offers a powerful way to 

measure the approach of a bacterium towards a substratum, but still a number of 

assumptions were needed to interpret SEF in terms of bacterial cell deformation. 

For instance in Chapters 4 and 5, we assumed that the distribution of 

fluorophores is homogeneous within a bacterium. The validation of that 

assumption might be feasible by applying super-resolution microscopy [21], which 

enables the imaging of individual fluorophores on a molecular basis within a 

bacterial cell. Also the SEF from individual fluorophores (such as GFP molecules) 

needs to be determined as a function of the distance towards the substratum in 

order to set-up a full model of SEF of spherical or deformed bacteria. The same 

super-resolution microscopic techniques might be used to directly image bacterial 

deformations of individual bacteria.  
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Summary 

Bacterial adhesion and subsequent biofilm formation occur on virtually all natural 

or man-made surfaces and constitute problems in many fields of human endeavor. 

The kinetics of bacterial adhesion to a substratum surface is a common measure 

to understand the mechanisms of bacterial adhesion and to evaluate strategies 

for biofilm control.  Chapter 1 gives a brief introduction to bacterial adhesion and 

methods currently used to study the kinetics of bacterial adhesion. 

Heterogeneities have proven to be ubiquitous not only on the bacterial and solid 

substratum surfaces, but also in hydrodynamics and mass transport in flow 

chambers. Therefore macroscopic approaches, averaging out heterogeneities, will 

be attractive to gain more comprehensive knowledge about mass transport and 

bacterial adhesion in flow displacement systems. The main aim of this thesis is 

therefore to develop a new in vitro macroscopic fluorescence imaging approach in 

the study of bacterial adhesion in flow displacement systems.  

In order to investigate bacterium-substratum interactions, understanding 

of bacterial mass transport towards the substratum is necessary. Comparisons of 

experimentally observed initial deposition rates with mass transport rates in 

parallel-plate-flow-chambers (PPFC) described by convective-diffusion yielded 

deposition efficiencies above unity, despite electrostatic repulsion. It is 

hypothesized that sedimentation is the major mass transport mechanism in a 

PPFC and was experimentally investigated in Chapter 2 by introducing a novel 
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microscopy-based method. First, height-dependent bacterial concentrations were 

measured at different times and flow rates and used to calculate bacterial 

sedimentation velocities. For Staphylococcus aureus ATCC 12600, a sedimentation 

velocity of 240 m h-1 was obtained. Therewith, sedimentation appeared as the 

predominant contribution to mass transport in a PPFC. Deposition efficiencies of S. 

aureus ATCC 12600 with respect to the Smoluchowski-Levich solution of the 

convective-diffusion equation were four-to-five fold higher than unity. However, 

calculation of deposition efficiencies with respect to sedimentation were below 

unity and decreased from 0.78 to 0.36 when flow rates increased from 0.017 to 

0.33 cm3 s-1. The proposed analysis of bacterial mass transport processes is simple, 

does not require additional equipment and yields a more reasonable 

interpretation of bacterial deposition in a PPFC.  

In Chapter 3, we describe a novel method for enumerating adhesion of 

fluorescent bacteria in a parallel plate flow chamber that allows direct imaging of 

the bacterial distribution along the length of the flow chamber, as caused by 

sedimentation. Imaging of fluorescence was done using macroscopic bio-optical 

imaging of the entire flow chamber, including top and bottom plates as well as of 

the flowing suspension in between. An algorithm is forwarded that allows to 

separate the fluorescence arising from the suspension and bottom plate and at 

the same time determines the single cell fluorescence from which the bacterial 

distribution over the entire bottom plate can be visualized. Enumeration of the 

numbers of bacteria adhering to the center of the glass bottom plate for a 

fluorescent S. aureus strain was found to coincide with enumerations using phase-

contrast microscopy. Moreover, due to the use of macroscopic bio-optical imaging, 

it was found that the number of adhering staphylococci increases linearly with 
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distance from the inlet of the flow chamber, which could be explained from a 

simplified mass balance of convection, sedimentation and blocking near the 

bottom plate of the flow chamber.   

 The use of flow displacement systems for studying initial bacterial 

adhesion to surfaces is mostly confined to transparent substrata. Chapter 4 

presents a method based on macroscopic fluorescence imaging to enumerate 

adhering fluorescent bacteria on non-transparent substrata, real-time and under 

flow. To this end, a stepwise protocol is described to quantitate adhesion of 

green-fluorescent-protein producing S. aureus on polished and non-polished 

metal and polymer surfaces accounting for surface-enhanced-fluorescence (SEF) 

on metal surfaces, quantitated by the ratio of the single cell fluorescence 

observed for adhering and planktonic bacteria. Enumeration of adhering 

fluorescent staphylococci by the proposed method coincides with results obtained 

using metallurgical microscopy. As an advantage however, non-homogeneous 

surface coverage and surface roughness do not limit the applicability of the 

method. Moreover, the accurate quantitation of surface-enhanced-fluorescence 

arising from adhering bacteria offers a new pathway to evaluate bacterial cell wall 

deformation during adhesion.  

 Bacterial adhesion is accompanied by initial bond-maturation processes 

and cell wall deformation that may extend to the lipid membrane with an impact 

on antimicrobial susceptibility of the organisms. Cell wall deformation upon 

adhesion is difficult to measure and has only been described by extrapolation 

from the deformation behavior of Δpbp4 mutants, deficient in peptidoglycan 

cross-linking and therefore highly deformable. In Chapter 5, we evaluate surface-

enhanced-fluorescence of fluorescently-engineered staphylococci adhering on 
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gold surfaces in a phenomenological study. Adhesion-related-fluorescence-

enhancement depended on the distance of the bacteria to the gold surface and 

the cell wall deformation. By comparison with the residence-time dependent 

adhesion-related-fluorescence-enhancement of different strains of staphylococci 

prior to and after disruption of their extracellular-polymeric-substances (EPS)-

layer with the one of green-fluorescent microspheres, it could be concluded that 

initial bond-maturation, including condensation of the EPS-layer surrounding the 

bacteria occurred within 60 min. Cell wall deformation was independent of the 

integrity of the EPS-layer, except for the  isogenic Δpbp4 strain, for which cell wall 

deformation proceeded faster and started earlier after EPS disruption. Since cell 

wall deformation causes altered membrane stresses and re-arrangement of 

membrane lipids with an impact on bacterial susceptibility to antimicrobials, 

quantitative measurements of cell wall deformation are of high importance for 

the development of new antimicrobials, in an era in which antimicrobial-resistant 

organisms form an increasing threat. 

 In Chapter 6, we discuss the detection limits, spatial resolution and 

applications of the macroscopic fluorescence imaging method developed in this 

thesis. We conclude that, by applying macroscopic fluorescence imaging, the 

kinetics of bacterial adhesion can be quantified, simultaneously and in real-time, 

on multi-materials, irrespective of the light transmission/ reflection characteristics 

of the substratum. Meanwhile, the long-term bacterium-substratum interactions 

and deformation of adhering bacteria could be explored by surface enhanced 

fluorescence. 
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Bacteriële hechting en daaropvolgende biofilmvorming treden op aan 

oppervlakken van vrijwel alle natuurlijke en niet-natuurlijke materialen en 

verhinderen vaak verdere technologische ontwikkeling in tal van toepassingen.  

Voor al deze toepassingen is de kinetiek van bacteriële hechting belangrijk en 

begrip hiervan is essentieel bij het beheersen of voorkomen van  biofilms. In 

Hoofdstuk 1 wordt een korte introductie over bacteriële hechting gegeven en 

worden methoden geïntroduceerd die gebruikt worden om de kinetiek van 

bacteriële hechting aan oppervlakken te bestuderen, zoals stroomkamers met 

microscopische observatie methoden. Het is eerder aangetoond dat bacteriële en 

materiaal oppervlakken heterogeen zijn, maar ook hydrodynamica en 

massatransport in stroomkamers zijn afhankelijk van de positie. Dit wordt echter 

niet altijd duidelijk met microscopische observatie. Daarom kunnen 

macroscopische benaderingen tot beter en aanvullend inzicht leiden in bacterieel 

massatransport naar en hechting van bacteriën aan oppervlakken. Het 

belangrijkste doel van dit proefschrift is dan ook om een nieuwe in vitro 

macroscopische fluorescentie-beeldvormingstechniek te ontwikkelen om 

bacteriële hechting en bacterie-materiaal interacties in stroomkamers te 

bestuderen. 

Om bacterie-materiaal interacties te onderzoeken, is inzicht in bacterieel 

massatransport tijdens de interactie essentieel. Vergelijking van experimenteel 

waargenomen initiële depositie snelheden met theoretische waarden gebaseerd 

op diffusie en convectie in parallelle plaat-stroomkamers levert vaak depositie-

efficiënties boven 100% op, ondanks elektrostatische afstoting. De hypothese dat 

met name sedimentatie massatransport bepaalt in een parallelle plaat-

stroomkamer wordt daarom experimenteel onderzocht in hoofdstuk 2 waarbij 
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een nieuwe, op microscopie gebaseerde methode wordt gehanteerd. Eerst 

werden hoogte-afhankelijke bacteriële concentraties gemeten op verschillende 

tijdstippen en stroomsnelheden en deze werden gebruikt om bacteriële 

sedimentatiesnelheden te berekenen. Voor Staphylococcus aureus ATCC 12600, 

werd een sedimentatiesnelheid van 240 m per uur vastgesteld. Daarmee levert 

sedimentatie een grote en overheersende bijdrage aan massatransport in een 

parallelle plaat-stroomkamer. Daar waar gemeten depositie-efficiënties van S. 

aureus ATCC 12600 4 tot 5 keer hogere waarden opleverden dan theoretische 

efficiënties op basis van de Smoluchowski-Levich benadering van de convectieve-

diffusievergelijking, konden op basis van de sedimentatie snelheid depositie-

efficiënties worden berekend lager dan 100%. Depositie-efficiënties daalden 

daarbij van 78% naar 36% bij toenemende stroomsnelheden (van 0.017 tot 0.33 

cm3 s-1). Deze analyse van bacteriële massatransportprocessen bleek eenvoudig 

en effectief: er was geen extra apparatuur nodig en het leverde een betere 

interpretatie van bacterieel transport op in een parallelle plaat-stroomkamer. 

In hoofdstuk 3 beschrijven we een nieuwe manier om hechting van 

bacteriën te kwantificeren, namelijk door middel van beeldvorming van 

fluorescerende bacteriën in een parallelle plaat-stroomkamer. Deze methode 

maakt het ook mogelijk om de distributie van bacteriële hechting te bestuderen 

als functie van de afstand tot de inlaat van de stroomkamer. Beeldvorming van 

bacteriële fluorescentie werd uitgevoerd met behulp van een macroscopische bio-

optische camera die de fluorescentie meet over het volledige oppervlak van de 

stroomkamer, inclusief boven- en onderplaten en van de bacteriesuspensie 

daartussen. Een algoritme kon worden opgesteld waarmee fluorescentie 

afkomstig uit de suspensie gescheiden kan worden van hechtende bacteriën in de 
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stroomkamer. Dit maakte kwantificering van het aantal gehechte bacteriën 

mogelijk, en voor een fluorescente S. aureus-stam bleek dit samen te vallen met 

resultaten behaald met behulp van fase-contrast-microscopie. Bovendien bleek 

dat het aantal hechtende stafylokokken lineair toeneemt met de afstand vanaf de 

inlaat van de stroomkamer, hetgeen kon worden verklaard uit een 

vereenvoudigde massabalans van convectie en sedimentatie in de nabijheid van 

de bodemplaat van de stroomkamer. 

Het gebruik van stroomkamers voor het bestuderen van initiële bacteriële 

hechting aan oppervlakken is meestal beperkt tot transparante materialen. 

Hoofdstuk 4 presenteert een methode op basis van macroscopische 

fluorescentie-beeldvorming waarmee aantallen hechtende bacteriën real-time 

kunnen worden gekwantificeerd op niet-transparante materialen onder vloeistof 

stroming. Hiertoe wordt een stapsgewijs protocol beschreven voor hechting van 

groen-fluorescerend eiwit producerende S. aureus bacteriën op gepolijste en niet-

gepolijste metalen en polymeeroppervlakken waarbij rekening gehouden wordt 

met oppervlakte-gerelateerde  fluorescentieversterking  (OFV) op 

metaaloppervlakken. Dit werd gedaan door de verhouding te bepalen tussen 

fluorescentie van planktonische bacteriën (bacteriën in suspensie) en gehechte 

bacteriën. Kwantificering van hechtende fluorescerende stafylokokken door 

middel van deze methode viel samen met de resultaten verkregen met behulp 

van metallurgische microscopie. Het voordeel van deze methode is dat niet-

homogene bacteriële verdelingen en oppervlakte ruwheid van het materiaal 

oppervlak niet van invloed zijn op de kwantificering. Bovendien, door gebruik te 

maken van OFV, biedt deze methode een nieuwe manier om bacteriële 

vervorming te meten tijdens bacteriële hechting.  
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Bacteriële hechting gaat gepaard met een versterking van de initiële 

binding en celwandvervorming, die aangrijpt op het lipide-membraan en van 

invloed kan zijn op de gevoeligheid voor antimicrobiële stoffen. 

Celwandvervorming bij hechting is moeilijk meetbaar en is slechts beschreven aan 

de hand van extrapolaties van het vervormingsgedrag van Δpbp4-mutanten die 

deficiënt zijn in peptidoglycan-verknoping en derhalve zeer vervormbaar. In 

hoofdstuk 5 analyseren we de OFV van aan goud oppervlakken hechtende 

fluorescente stafylokokken. OFV is afhankelijk van de afstand van de bacteriën tot 

het goud-oppervlak en hun celwandvervorming. Door de OFV van bacteriën met 

oplopende verblijftijd aan het oppervlak te vergelijken met OFV van groen-

fluorescerende latex-deeltjes kon worden geconcludeerd dat gedurende de eerste 

60 minuten de buitenste laag van een bacterie, rijk aan extra-cellulaire polymere 

substanties (EPS), als eerste werd samengedrukt. Daarna vond 

celwandvervorming plaats in  een mate die onafhankelijk bleek van de integriteit 

van de EPS-laag. Deze vervorming vond eerder en sneller plaats bij een isogene 

Δpbp4-stam. Omdat celwandvervorming gepaard gaat met een gewijzigde 

membraanspanning en wijzigingen in de structuur van de membraanlipiden, kan 

dit zijn effect hebben op de gevoeligheid voor antibiotica. Daarom zijn deze 

metingen van groot belang voor de ontwikkeling van nieuwe antimicrobiële 

stoffen in een tijdperk waarin antimicrobiële-resistente organismen een 

toenemende bedreiging vormen. 

In hoofdstuk 6 bespreken we de detectielimieten, ruimtelijke resolutie en 

toepassingen van de macroscopische fluorescentie-beeldvormingsmethode 

ontwikkeld in dit proefschrift. We concluderen, dat door toepassing van 

macroscopische fluorescentie-beeldvorming, de kinetiek van bacteriële hechting 
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kan worden gekwantificeerd, gelijktijdig en in real-time, op diverse materialen en 

ongeacht hun transparantie- en reflectie-eigenschappen. Bovendien biedt OFV  

nieuwe mogelijkheden om vervorming van hechtende bacteriën te onderzoeken. 
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