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ATOMIC FORCE MICROSCOPIC STUDY OF BACTERIAL ADHESION FORCES  

Atomic force microscopy (AFM) provides a convenient and straightforward 

method to determine bacterial adhesion forces as well as probing surface features 

of bacterial cells. However, the involvement of an external load during the 

measurement has long been critically questioned. Because an external load is 

generally absent in nature, it probably introduces artifacts to the experimental 

results. Owing to improved theorems involved in signal processing and upgraded 

feedback systems, it is now possible to produce force-distance curves and 

scanning images by applying very small external loads, without loss of quality and 

resolution. In general, a loading/imaging force as low as 1 nN can be applied in 

AFM measurements without significantly affecting the quality of the data. 

Another issue related to using AFM to study bacterial adhesion forces is the 

physical/chemical method employed for the immobilization of the bacteria to 

either the AFM cantilever or the substratum surface, as the immobilization 

treatment of the bacteria may potentially change their surface properties. 

Although it has been reported in the literature that microorganisms can be 

successfully immobilized without any extra treatment,1 we failed to implement 

such a  protocol for the diverse bacterial strains and species included in our study.  

The Lifshitz-Van der Waals (LW) force usually provides a weak attraction 

between a bacterium and a substratum surface. The LW force between two 

bodies arises from mutually induced dipole interactions between the ensembles 

of atoms in the respective bodies. Hence, the LW force is considered to scale with 

the dimensions of a given bacterial cell at a given surface. However, as we 

demonstrated in Chapter 6, Δpbp4 mutants, having a "softer" cell wall, show 

three-fold stronger LW attraction to surfaces, as compared to their isogenic 

parent strains, even though their dimensions are similar. This deformation issue  

requires a careful review of the Poisson analysis of bacterial adhesion forces 
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(Chapter 3) and of the elastic deformation model of bacterial cell surfaces 

forwarded in this thesis (Chapter 4), where long-range (LR) forces, mainly 

represented by LW forces, were assumed to be independent of the deformation 

forces (either the external load or the adhesion force). In "common" cases, where 

the bacteria are relatively rigid and where strong deformation forces are absent, 

the assumption of constant LR forces may be justified, as the  deformation of the 

bacterial cell remains negligibly small. However, when due to strong attraction 

between a bacterium and a surface (as occurs in contact-killing adhesion, 

discussed in Chapter 2B), deformation and its influence on LW forces can no 

longer be ignored, and alternative models and analysis methods need to be 

established for these "extreme" cases. 

 

VISCO-ELASTIC NATURE OF THE BOND INVOLVED BETWEEN ADHERING 
BACTERIA AND SUBSTRATUM SURFACES 

Visco-elastic deformation of the bacterial cell surface has been proven to be 

involved in both attachment and detachment of bacteria to and from surfaces.2–4 

The outer bacterial cell surface is composed of a variety of components (i.e. 

surface appendages like fibrils, exopolysaccharides, nucleic acids, and proteins), 

which all make it challenging to examine its mechanical properties quantitatively. 

AFM has been applied to address this issue, by either directly probing bacterial 

cells with AFM tips or colloidal probes,5,6 or by compressing an immobilized 

bacterium against a substratum surface. Disparate visco-elasticity values have 

been reported in the literature. As Vadillo-Rodríguez and Dutcher summarized, in 

an aqueous environment, Young's moduli of the bacterial cell envelope range 

from 40 kPa up to 6 MPa, and the viscosity varies between 0.1 and 10 MPa∙s, 

when the immobilized bacterium was "indented" by a AFM tip or a colloidal 

probe.6 By contrast when a bacterium attached to a tipless AFM cantilever was 
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deformed against a glass surface, we found a Young's moduli and viscosities 

below 50 kPa and 70 kPa∙s, respectively. In addition to the different cell wall 

structures of the various bacterial species, the depth over which the different 

sensing methods operate should be considered. An AFM cantilever with a 

pyramid-shaped tip exerts, due to the tiny contact area, a high stress on the 

bacterial surface and, therefore, has a good chance of penetrating outer 

membrane structures. Alternatively, by compressing a bacterial probe against a 

substratum surface, deformation is more likely limited to the cell surface of  the 

bacterium.  

The visco-elastic deformation models discussed in this thesis allow to 

derive mechanical properties of the bacterial cell surface. Since the initial 

dimensions of the contact volume are self-defined by the AFM measurement, the 

derived visco-elasticity values correspond to the specific surface features as a 

whole of each strain. With the advances in single-molecule spectroscopy, more 

accurate data can be obtained to evaluate the visco-elasticity of single molecular 

components.7–10 Provided sufficient knowledge of its composition, the mechanical 

characteristics of the bacterial cell surface may be approximated by combining the 

visco-elastic elements pertaining to each of the constituents. Therefore, it may be 

worth the effort to set up a visco-elasticity database covering commonly existing 

cell wall components.  

The quartz crystal microbalance with dissipation (QCM-D) is another 

excellent instrument for investigating interfacial processes occurring during  

bacterial adhesion.4,11 However, the values of the Young's modulus obtained by 

AFM and QCM-D differ by orders of magnitude (10 kPa from AFM versus 10 MPa 

from QCM-D). There are several factors to be considered to explain this 

discrepancy. First of all, in the experimental set-up of the respective methods, 

bacteria adhere differently to a  substratum surface. In AFM, an external load is 



General Discussion 

147 

 

always applied to bring the bacterium into contact with a surface, whereas in 

QCM-D bacteria attach to a surface by deposition or convective-diffusion. The 

time-scales of the two methods are also different, since AFM is most frequently 

used to study bacterial adhesion forces within a couple of minutes of residence-

time, while QCM-D can monitor the adhesion behavior over tens of minutes. Last 

but certainly not least, diverse Young's moduli are probably caused by the 

distinctive motion modes and disparate frequency ranges the two techniques 

exploit.12 As revealed for various polymers, the Young's modulus generally 

increases with increasing frequency.13,14 When examining the visco-elasticity of 

bacterial cell surfaces with AFM, a bacterium is compressed against a substratum 

surface at a frequency of no more than 1 Hz, while in QCM-D, the deformation of 

adhering bacteria is induced by lateral oscillation of the gold crystal surface at a 

frequency of approximately 5 MHz. 

 

CONCLUSION 

Although the mechanisms by which eukaryotic cells are capable of adapting their 

cell morphology and cytoskeletal structure upon adhesion to substratum surfaces 

are well known,15,16 these mechanisms are still obscure for bacteria due to the 

nano-scale of their deformation. The response of a bacterium adhering at a 

substratum surface appears to be related to the adhesion force, and the resulting 

deformation of the cell surface. Models and methods to define and retrieve 

mechanical properties of the bacterial cell surface can contribute to further 

understanding of the generic mechanisms involved in bacterial sensing of 

substratum surfaces, their response to their adhering state, and their subsequent 

growth into a biofilm. 
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