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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. 




