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Bacteria adhere to virtually all natural and man-made surfaces. Initiated by  their 

adhesion, micro-organisms grow on a surface and form complex multi-cellular 

structures, referred to as biofilms.1,2 In biofilms, micro-organisms are protected 

against environmental attacks,3–5 such as antimicrobials, and therefore biofilms are 

often the cause of persistent contamination or infection.6–8 Studies on screening of 

different preventive measures and removal of biofilms9 are gaining significant 

attention in various fields of application, ranging from food and water processing10 

to modern medicine11 and dentistry (Fig. 1).12  

 

 

Figure 1. Common sites of primary and secondary (highlighted in green) biofilm 
infection in the human body. Source: Center for Biofilm Engineering, Montana State 
University-Bozeman. 
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Surface modification can be effective in reducing microbial adhesion to 

substratum surfaces,13 while, interestingly, the susceptibility of a biofilm for 

antimicrobials in solution varies depending on the properties of the substratum 

surface. Different classes of antimicrobials, such as quaternary ammonium 

compounds or antimicrobial peptides, remain antimicrobially active when 

immobilized to a substratum surface.14,15 Hypothetically, different generic 

mechanisms of action must exist for antimicrobials in solution and immobilized on 

a surface.  

Insight into mechanisms of biofilm formation can lead to improved 

preventive mechanisms and requires knowledge of initial bacterial adhesion and 

the surface properties of the adhering bacteria. 

 

BACTERIAL RESPONSE TO THEIR ADHESION ON A SUBSTRATUM SURFACE 

It has been recently hypothesized16 that an adhering bacterium responds to a 

substratum surface depending on the strength of the force by which it adheres. In 

this respect,  three regimes of adhesion forces have been proposed (Fig. 2):  

1. A “planktonic” regime, where the adhesion force is very weak so that the 

bacteria hardly sense that they are on a surface and therefore remain in 

their planktonic state,17–19 in which they are susceptible to antimicrobials; 

2. An “interaction” regime, where adhesion forces induce a cascade of 

genotypic and phenotypic changes20 that render the organism more 

resistant to antimicrobial agents;21,22 

3. A “lethal regime” in which strong adhesion forces de-activate adhering 

bacteria to impede growth and cause cell death.16,23 
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Figure 2. Three regimes of bacterial adhesion forces to substratum surfaces that 
dictate the bacterial response to a surface. (Illustration adapted from Busscher and 
Van der Mei16) 

 

In the different regimes of adhesion forces, it can be envisaged that a bacterium 

will undergo different degrees of cell wall deformation to which the organism 

subsequently responds. The term “stress-deactivation” has been coined for this 

hypothetical phenomenon.23 Accordingly, knowledge of the forces by which 

bacteria adhere to a surface are of pivotal importance in understanding further 

events during biofilm formation. 

 

BACTERIAL ADHESION FORCES USING ATOMIC FORCE MICROSCOPY (AFM) 

Bacterial adhesion to surfaces can be assessed using various biochemical and 

physico-chemical approaches.24,25 Among these methods, AFM, right after its 

invention in the 1970s,26,27 showed most promising.28,29 The distance dependence 



General Introduction 

5 

 

of the interaction force between a  bacterium and a  substratum surface can be 

recorded using AFM as a force-distance curve with an approach and retract stage 

(Fig. 3). The magnitude of the adhesion force is usually determined by the rupture 

force when detaching the AFM cantilever, equipped with a bacterial probe, from 

the  substratum surface. 

 

 

Figure 3. Illustration of measuring bacterial interaction forces using AFM and an 
example of the approach and rectract force-distance curves.  

 

Theoretical models based on the Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory30,31 and its extended version (the X-DLVO theory)32 are widely 

applied to derive the long-range (e.g. Lifshitz-Van der Waals and electrical double-

layer interactions) and short-range (e.g. Lewis acid-base interactions) contributions 

to the total adhesion force, based on measured zeta potentials and contact angles 
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using various liquids.32 The statistics-based Poisson analysis of bacterial adhesion 

forces measured using AFM provides a more experimental alternative to distinguish 

between long-range and short-range contributions to the overall interaction 

force.33,34 However, these methods do not always concur in the magnitude and 

even the attractive or repulsive nature of the short-range interaction.35,36 It has 

been argued that (X)DLVO-based models fail to take microscopic bacterial cell wall 

structures into consideration, whereas Poisson analysis of AFM-based adhesion 

forces includes effects of the microscopic feautures of the interface between a 

bacterium and a substratum surface. 

 

AIM OF THIS STUDY 

The aim of this thesis is to determine bacterial adhesion forces to substratum 

surfaces and associated cell wall deformation and evaluate their role in bacterial 

susceptibility to antimicrobials, either in solution or immobilized to a substratum 

surface.   
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ABSTRACT 

The aim of this chapter is to provide evidence in support of the role of bacterial 

adhesion forces to substratum surfaces in determining the bacterial response to 

their adhering state, i.e., in this particular work, their response to exposure to 

antimicrobials, either in solution or immobilized to a substratum surface. We firstly 

relate bacterial adhesion forces and antibiotic susceptibility of biofilms on uncoated 

and polymer-brush-coated silicone-rubber. Nine strains of Staphylococcus aureus, 

Staphylococcus epidermidis and Pseudomonas aeruginosa adhered more weakly ((-

0.05 ± 0.03) – (-0.51 ± 0.62) nN) to brush-coated than to uncoated silicone-rubber 

((-1.05 ± 0.46) – (-5.1 ± 1.3) nN). Biofilms of weakly adhering organisms on polymer-

brush-coatings remained in a planktonic state, susceptible to gentamicin, unlike 

biofilms formed on uncoated silicone-rubber. Quaternary-ammonium-compounds 

are potent cationic antimicrobials in solution and, when immobilized to a 

substratum surface, constitute an antimicrobial, contact-killing coating. We 

secondly describe here how these coatings cause high contact-killing of S. 

epidermidis, both in culture-based assays and through confocal-laser-scanning-

microscopic examination of the membrane-damage of adhering bacteria. The 

working-mechanism of dissolved quaternary-ammonium-compounds is based on 

their interdigitation in bacterial membranes, but it is difficult to envisage how 

immobilized quaternary-ammonium-molecules can exert such a mechanism of 

action. Staphylococcal adhesion forces to hyperbranched quaternary-ammonium 

coatings were extremely high, indicating that quaternary-ammonium-molecules on 

hyperbranched polyurea partially envelope adhering bacteria upon contact. These 

lethally strong adhesion forces on bacteria then cause removal of membrane lipids 

and eventually lead to bacterial death. Summarizing, this chapter provides 

convincing evidence that the response of bacteria in a biofilm to their adhering 

state and accompanying susceptibility to antimicrobials is determined by the 
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magnitude of the force through which the organisms adhere to a substratum 

surface.  
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INTRODUCTION 

Biomaterial-associated infections (BAI) remain the number one cause of failure of 

biomaterial implants or devices despite the development of various strategies to 

control BAI during implantation, like, e.g., modern, ventilated operating theaters 

and impermeable personnel clothing.1 Microbial adhesion is considered to be the 

onset of BAI and can lead to the formation of a biofilm, in which microorganisms 

embed themselves in a complex matrix of extracellular polymeric substances (EPS), 

which provides protection against antibiotic treatment and the host immune 

system.2,3 Surface modifications can significantly reduce microbial adhesion and 

biofilm formation to biomaterial surfaces.4  

Polymer brush coatings are currently the most promising non-adhesive 

coatings, as they reduce the adhesion of various bacterial strains by orders of 

magnitude.5 These coatings, however, do not completely suppress microbial 

adhesion and even the few bacteria adhering to a polymer brush have been 

demonstrated to be able to form a weakly adhering biofilm.5 In view of the general 

aim of this thesis, we hypothesize that bacteria on polymer brush coatings remain 

in a planktonic state because of weak adhesion forces with highly hydrated polymer 

brush coatings and hence remain susceptible to antibiotics. This hypothesis, if 

proven right, would open a new pathway to combat BAI. In part A of this chapter, 

we provide evidence in support of this hypothesis. 

 In order to provide further evidence in support of the role of adhesion 

forces in controlling the bacterial response to their adhering state, we turn, in part 

B, to coatings of quaternary-ammonium-compounds (QACs). QACs are potent 

cationic antimicrobials used in everyday consumer products like contact lens 

solutions and mouthrinses as well as in numerous industrial processes, like water-

purification and antifungal treatment in horticulture. Interestingly, the 

antimicrobial efficacy of QACs remains preserved when QAC-molecules are 
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immobilized on a surface.6–10 Such contact-killing coatings have potential in a large 

number of widely-varying applications, including but not limited to surgical 

equipment and protective apparel in hospitals,11 medical implants and wound 

dressings,12 water-purification,13 food packaging and storage materials14,15 and 

industrial equipment.16 The use of QACs has been popular since they are easy to 

manufacture in large quantities and can be conveniently incorporated in coating 

systems to cover large surface areas. QACs are also very stable in the human body, 

poorly metabolized and mainly excreted in non-metabolized form.17 QACs can be 

hemolytic when not immobilized on a surface and environmentally toxic.18 It is 

remarkable that a Gram-negative Pseudomonas aeruginosa strain, not susceptible 

to QACs in solution, was killed upon adhesion to a coating of immobilized QACs.19 

Intriguingly, coatings of immobilized QACs even remain antimicrobially active after 

adsorption of proteins in vitro6,20,21 and under in vivo conditions.12,22 Immobilized 

QACs, especially after adsorption of a protein film as occurring in the human body, 

are hindered in their search for heterogeneously distributed negative charges on 

bacterial cell surfaces23 as crucial for their efficacy in solution. Hence, it is often 

hypothesized19 that QAC-molecules immobilized to a surface possess other 

mechanisms of action than in solution, but these have never been elucidated. In 

part B of this chapter, we provide evidence in support of a new mechanism of action 

for immobilized QACs, based on the forces by which bacteria adhere to QAC-coated 

surfaces.  
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A. BACTERIAL ADHESION FORCES TO POLYMER BRUSH COATINGS AND THE 
SUSCEPTIBILITY OF BIOFILMS TO ANTIBIOTICS 

AIM 

The aim of this part is to determine a possible relationship between the 

susceptibility of biofilms to antibiotics and the forces with which the bacteria 

making up the biofilm adhere to a substratum surface. 

 

MATERIALS AND METHODS 

Preparation of Polymer Brush Coated Surfaces 

The method used to prepare polymer brush coated silicone rubber was described 

by Nejadnik et al.5 

Bacterial Strains and Culture Conditions 

Nine bacterial strains, representing Staphylococcus aureus (799, 835, ATCC 12600), 

Staphylococcus epidermidis (ATCC 35984, HBH 276, 138), and P. aeruginosa (#3, 

6487, ATCC 19582), were used in this study. Strains were either established type 

strains or clinical isolates taken from patients with implant or device-related 

infections. Bacteria were grown and harvested as described before.5 All strains 

were first grown aerobically overnight at 37°C on blood agar plates from frozen 

stocks. These plates were kept at 4°C and never longer than two weeks. Several 

colonies were used to make a pre-culture in 10 ml tryptone soya broth (TSB, Oxoid, 

Basingstoke, UK). This pre-culture was incubated at 37°C for 24 h and used to 

inoculate a second culture of 200 ml which was incubated for 16 h. The culture was 

harvested by centrifugation for 5 min at 5000× g and washed twice with 

demineralised water. To break up bacterial aggregates, bacteria were sonicated 

intermittently while cooling in an ice/water bath for three times 10 s at 30 W (Vibra 

Cell model 375; Sonics and Materials Inc., Danbury, Connecticut, USA). These 
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procedures were found not to cause cell lysis in any of the three strains. Finally, 

bacteria were suspended in 200 ml of phosphate buffered saline (PBS) to a 

concentration of 3 × 108 per ml for all experiments. 

AFM Force Spectroscopy 

Bacterial adhesion forces on uncoated and polymer brush-coated silicone rubber 

were recorded by using atomic force microscopy (AFM; BioScope Catalyst atomic 

force microscope with ScanAsyst [Veeco Instruments Inc., Camarillo, CA]). Before 

each measurement, NP-O10 tipless cantilevers (Veeco) were calibrated by the 

thermal tuning method and spring constants were always within the range given by 

the manufacturer (0.03 – 0.12 N/m). Bacterial probes were prepared by 

immobilizing single bacteria on a pre-calibrated cantilever by using electrostatic 

attraction.24 All adhesion force measurements were performed in PBS at room 

temperature under a loading force of 5 nN at three randomly chosen spots and 

analyzed per strain using a mixed-effects model, taking the absence or presence of 

the polymer brush coating and probe employed as fixed effects and the spot chosen 

as a random one. The variance components were separately estimated for coated 

and uncoated surfaces. Maximum likelihood was used as the estimation method, 

and a type III test was used to evaluate a significant effect of the polymer brush 

coating on bacterial adhesion forces. 

Parallel-plate Flow Chamber 

Bacterial growth and biofilm formation were monitored in a parallel-plate flow 

chamber5 for one strain of each species. Minimal inhibitory concentrations (MICs) 

of gentamicin against these strains were determined by using the Etest (AB 

bioMérieux, Solna, Sweden), and all strains were found susceptible to gentamicin 

with MICs of < 4 μg/ml.25 After initial bacterial adhesion for 30 min at room 

temperature by a bacterial suspension (3 × 108 bacteria per ml) in PBS under flow 

(shear rate, 11 s-1), the flow was switched for 3.5 h to 10% TSB at 37°C under 
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reduced flow (shear rate, 5 s-1) to grow a biofilm, after which the chamber was 

perfused for 16 h with medium containing different concentrations (0.5, 5, and 50 

μg/ml, i.e., below, at, and above the MIC) of gentamicin sulfate (Sigma-Aldrich). 

Surface Coverage of Biofilms 

From the images taken during the course of an experiment, the percentage of the 

surface covered by biofilm, indicative of the presence of both dead and live bacteria 

in the biofilm, was determined. The percentage of live bacteria in 20-h-old biofilms 

was determined by fluorescence microscopy (Leica, Wetzlar, Germany) after 

dispersal of the biofilms and live/dead staining of the organisms as an indicator of 

antibiotic susceptibility of biofilm organisms5 and to calculate the surface coverage 

by live bacteria. All experiments for quantitative biofilm analysis were done in 

duplicate with separately grown bacterial cultures.  

Confocal Laser Scanning Microscope 

In a separate set of experiments, intact biofilms were visualized using a Leica TCS-

SP2 confocal laser scanning microscope (CLSM; Leica Microsystems GmbH, 

Heidelberg, Germany). 20-h-old biofilms were stained with live/dead stain mixed 

with calcofluor white, which was used to visualize EPS. For surface coverage, an 

analysis of variance was conducted for each bacterial strain. If an overall effect of 

the surface coating on the outcomes was significant, Fisher’s least-significant-

difference test was used to investigate the effect of the coating at each antibiotic 

concentration. All tests were conducted two sided, and a significance level of P < 

0.05 was used. 

 

RESULTS AND DISCUSSION 

The adhesion forces of all strains were lower on polymer brush-coated silicone 

rubber (-0.05 ± 0.03 to -0.51 ± 0.62 nN) than on uncoated silicone rubber (-1.05 ± 

0.46 to -5.1 ± 1.3 nN), representing a significant (P < 0.05) reduction (Fig. 1).  
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Figure 1. Bacterial adhesion forces (Fadh) to uncoated and polymer brush-coated 
silicone rubber, showing significant reductions in adhesion forces (P < 0.05) for all 
nine strains after the silicone rubber surface was coated with a polymer brush. 

 

Biofilm formation of selected strains representing each of the three different 

species on uncoated silicone rubber was accompanied by the production of EPS in 

large amounts, especially for the staphylococcal biofilms, while EPS production was 

virtually absent on polymer brush-coated silicone rubber (Fig. 2). 
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Figure 2. CLSM overlay images and optical sections of 20-h-old intact biofilms 
grown in the absence (-) or presence (+) of 50 μg/ml gentamicin on uncoated 
silicone rubber or polymer brush-coated silicone rubber. Live and dead bacteria 
show green and red fluorescence, respectively, while EPS yields blue fluorescent 
patches. Bars, 75 μm. Panels: a, S. aureus ATCC 12600; b, S. epidermidis 138; c, P. 
aeruginosa #3. 
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Biofilms of both tested staphylococcal strains in the absence of antibiotics achieved 

full surface coverage of uncoated silicone rubber within 14 to 16 h, while full 

coverage of polymer brush-coated silicone rubber was not reached within 20 h (Fig. 

3). Such a difference in growth kinetics was absent in the case of P. aeruginosa, 

yielding less than 20% surface coverage even on uncoated silicone rubber, possibly 

as a result of its rod-shaped morphology and motility. Importantly, biofilm growth 

in the presence of various concentrations of gentamicin was reduced significantly 

more strongly on polymer brush-coated silicone rubber than on uncoated silicone 

rubber. Surface coverage by P. aeruginosa remained similarly low in the presence 

of gentamicin than in its absence. Moreover, after 20 h of growth, the coverage by 

live bacteria in the absence of antibiotics was higher on polymer brush-coated 

silicone rubber than on uncoated silicone rubber, while in the presence of 

gentamicin, we saw less coverage by live bacteria on the polymer brush coating, 

with little or no efficacy of the antibiotic on biofilms formed on silicone rubber, 

depending on the strain considered (Fig. 3). 

Furthermore, the amount of EPS produced on polymer brush coatings was 

smaller, explaining the higher susceptibility to gentamicin. Thus, in addition to the 

known lower biofilm formation on polymer brush coatings than on common 

biomaterials, this study is the first to demonstrate that bacterial biofilms on a 

polymer brush coating remain susceptible to antibiotics, regardless of the 

molecular basis of the resistance mechanism. This phenomenon has enormous 

clinical implications, as it shows an original pathway toward a biomaterial implant 

coating that allows antibiotic treatment to prevent biofilm formation and thereby 

reduce the risk of BAI. 
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Figure 3. Surface coverage as a function of time on uncoated silicone rubber and 
polymer brush-coated silicone rubber by biofilms grown in the absence or presence 
of various concentrations of gentamicin (open squares, no antibiotic; open triangles, 
0.5 μg/ml gentamicin; gray triangles, 5 μg/ml gentamicin; black triangles, 50 μg/ml 
gentamicin) and coverage by live organisms after 20 h of growth (green bars). 
Gentamicin was introduced after 4h of growth. Error bars represent standard 
deviations of two separate experiments. Panels: a, S. aureus ATCC 12600; b, S. 
epidermidis 138; c, P. aeruginosa #3. An asterisk indicates a significant difference 
(P < 0.05) between uncoated silicone rubber and polymer brush-coated silicone 
rubber in surface coverage by biofilm after 20 h of growth. The symbol # indicates 
a significant difference (P < 0.05) between the numbers of live bacteria in 20-h-old 
biofilms on silicone rubber and polymer brush-coated silicone rubber. 

 

Upon bacterial adhesion, a cascade of genotypic and phenotypic changes 

are induced that result in a biofilm-specific phenotype.26–28 Changes in gene 

regulation occur within minutes after bacterial attachment to a solid surface,29 

suggesting that adhering bacteria may sense a solid surface, leading to a signaling 



Adhesion Forces and Responses of Bacteria Adhering to Different Surfaces 

23 

 

cascade that causes genes to be up- or down regulated and the production of EPS,30 

rendering the organisms more resistant to antimicrobial agents.27,31,32 The adhesion 

forces of nine different bacterial strains are clearly much higher on silicone rubber 

than on polymer brush coatings, and in fact, on the polymer brush, these forces are 

so low that it can be argued that bacteria, though weakly adhering, are unable to 

sense the surface as they do on silicone rubber. As a result, they remain in their 

antibiotic-susceptible state, whereas on silicone rubber, they adopt a biofilm mode 

of growth with full protection against a gentamicin concentration of 50 μg/ml, far 

above the MIC. 
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B. BACTERIAL ADHESION FORCES TO IMMOBILIZED QUATERNARY-
AMMONIUM-COMPOUNDS AND CONTACT-KILLING 

AIM 

The aim of this part is to determine a possible relationship between the viability of 

bacteria adhering to a substratum surface and the forces with which bacteria 

adhere. 

 

MATERIALS AND METHODS 

Coating Preparation and Characterization 

Methods used to prepare and characterize the coatings were described by Asri et 

al.33 

Bacterial Strain and Culture Conditions 

S. epidermidis ATCC 12228 was first streaked on a blood agar plate from a frozen 

stock solution (7 v/v% DMSO) and grown overnight at 37°C on blood agar. One 

colony was inoculated in 10 ml TSB and incubated at 37°C for 24 h. This culture was 

used to inoculate a main culture of 200 ml TSB, which was incubated for 16 h at 

37°C. Bacteria were harvested by centrifugation for 5 min at 5000×g and 10°C and 

subsequently washed two times with 10 mM potassium phosphate buffer, pH 7.0. 

Antimicrobial Mechanisms of Dissolved and Immobilized QACs using AFM 

AFM experiments were conducted at room temperature in potassium phosphate 

buffer as a control and in potassium phosphate buffer supplemented with QAC 

(Ethoquad C/25(Cocoalkyl methyl(polyoxyethylene)ammonium chloride)) 

(AKZONobel, Amsterdam, The Netherlands) at the minimum bactericidal 

concentration (MBC) for S. epidermidis ATCC 12228 in a planktonic state (MBC, 150 

μg/ml).34 A BioScope Catalyst AFM with ScanAsyst was used for imaging 

staphylococci. For imaging, bacteria were attached to differently treated glass 
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slides (clean glass, poly-L-lysine coated glass and glass with a hyperbranched QAC-

coating33) by placing a droplet of a bacterial suspension (1010 bacteria/ml) in buffer 

on the sides for 30 min. Subsequently, the bacterially coated glass slide was rinsed 

with potassium phosphate buffer to remove free floating bacteria and the slide was 

immediately used for AFM measurements without drying. The adhering bacteria 

were scanned with the AFM, while immersed either in buffer or buffer 

supplemented with QAC. Deflection images were taken while repetitively scanning 

during 300 min. The scans were made in the contact mode under the lowest 

possible applied force (1 to 2 nN) at a scan rate of 1 Hz using DNP probes from 

Veeco. The experiments were performed in triplicate with different bacterial 

cultures. Adhesion force measurements using AFM was carried out as described in 

part A. For measurements on hyperbranched, positively charged coatings, a stiffer 

cantilever (Cantilever A) had to be used with a spring constant of 0.58 N/m. 

Bacterial Contact-Killing 

For evaluation of contact-killing of adhering bacteria by the different coatings, the 

slides were incubated in a staphylococcal suspension (3 x 107 bacteria/ml) in a 6-

well polystyrene plate (Greiner Bio-One B.V., Alphen a/d Rijn Leiden, The 

Netherlands) containing either potassium phosphate buffer or a QAC solution in 

buffer at 1 x MBC. After incubation for 60 min and 300 min at 37°C under rotation 

(90 rpm), bacterial suspension was removed and the surfaces were gently washed 

with potassium phosphate buffer to remove the free-floating bacteria. CLSM was 

employed to differentiate between live and dead bacteria, to which end the 

samples were stained in the wells with 250 µl live/dead Baclight viability stain 

(Molecular Probes, Leiden, The Netherlands) containing SYTO 9 dye (fluorescent 

green) and propidium iodide (fluorescent red). Staining was done for 15 min in the 

dark. Confocal images were collected using a Leica TCS-SP2 CLSM using 488 nm 

excitation and emission filters of 500 to 550 nm and 605 to 720 nm. This assay 
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reveals dead bacteria, or technically more correct considering the working 

mechanism of the stain,35,36 bacteria with a severely damaged cell membrane, as 

red fluorescent, whereas live organisms expressing an intact membrane appear 

green fluorescent.  

 

RESULTS AND DISCUSSION 

In Fig. 4 we present AFM and fluorescence images of S. epidermidis ATCC 12228 

adhering to surfaces exerting different adhesion forces. On a negatively-charged 

glass surface, staphylococci experience a very small adhesion force of around 1 nN 

(Fig. 4-panel 1a) in the planktonic regime. As a consequence of these weak adhesion 

forces, all adhering bacteria were displaced during AFM imaging (Fig. 4-panels 1a 

and 1b). Fluorescence imaging showed that staphylococci adhering to glass were 

all alive during exposure to buffer (Fig. 4-panel 2a), whereas at the same time they 

were highly susceptible to QACs in solution (Fig. 4-panel 2b). Imaging of 

staphylococci adhering to moderately positively-charged poly-L-lysine coated glass 

yielded stronger adhesion forces, i.e., 4 nN, as a result of electrostatic attraction in 

addition to Lifshitz-Van der Waals attraction (Fig. 4-panel 1c), enabling imaging of 

adhering bacteria (panel 1c) and showing live bacteria during exposure to buffer 

(Fig. 4-panel 2c). During imaging, while being exposed to QACs in solution however, 

wrinkling of the bacterial cell surface occurred,34 eventually leading to detachment 

of entire bacteria leaving only minor remnants (Fig. 4-panel 1d). Fluorescence 

imaging showed bacterial death during exposure to QACs in solution within 60 min 

(Fig. 4-panel 2d). 
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Figure 4. 
Panel 1: AFM deflection images of S. epidermidis ATCC 12228 adhering on different 
surfaces during exposure to 10 mM potassium phosphate buffer at pH 7.0 (a, c and 
e) or a 1 x MBC QAC solution in 10 mM potassium phosphate buffer (b and d). 
a), b)  negatively-charged glass surface (note that all adhering bacteria are 

removed by scanning) 
c), d)  poly-L-lysine coated glass surface 
e) hyperbranched QAC coating, immobilized on a glass surface. 
Images were taken at different time points, while scanning continuously at a rate 
of 1 Hz. The bar denotes 1 µm.  
Panel 2: Fluorescence images of S. epidermidis ATCC 12228 adhering to the 
different surfaces (see panel 1) after exposure to potassium phosphate buffer 
(a, c and e) or a 1 x MBC QAC solution (b and d). Bacteria have been stained with 
Baclight® live/dead stain, rendering dead bacteria (or technically more correct 
according to the working mechanism of the stain: severely membrane damaged 
bacteria37 red fluorescent, opposed to live bacteria showing green fluorescence. 
The bar denotes 18 µm. 
 

More interestingly, we repeated these experiments for staphylococci adhering to a 

new, hyperbranched coating,38 comprising a high positive-charge density due to 

immobilized QACs, while being exposed in a phosphate buffer and noticed that 

despite cell death (Fig. 4-panel 2e), no indications of cell surface wrinkling and 

bacterial detachment could be observed (Fig. 4-panel 1e). Adhesion forces between 

the staphylococci and these hyperbranched coatings were extremely high around 

100 nN in the lethal regime, as a result of the binding of multiple QAC-molecules to 

the bacterial cell surface through electrostatic attraction. 

These observations indicate that immobilized QACs do not cause directly 

visible membrane damage. Instead, the data point out that the strong adhesion 

forces arising from immobilized QACs enter bacterial adhesion forces into the lethal 

regime, i.e., where the stress exerted on the bacterial cell membrane causes killing. 

This is a new mechanism for the antimicrobial activity of immobilized QACs, that 

explains many poorly-understood phenomena with respect to the antimicrobial 

activity of immobilized QAC-molecules, including the persistence of antimicrobial 
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activity in the presence of adsorbed proteins. Whereas, initially, bacterial adhesion 

forces may be attenuated through the presence of adsorbed proteins, it is known 

that adsorbed protein films are displaced and deformed during bacterial adhesion39 

to reduce their thickness, which restores lethally strong adhesion forces exerted by 

immobilized QACs. This new, physico-chemical mechanism of bacterial-killing by 

immobilized QACs supports a recent hypothesis by Bieser and Tiller40 that 

positively-charged surfaces may exert strong forces upon vital anionic lipids in the 

bacterial cell membrane resulting in their removal through the outermost cell 

surface of an adhering bacterium. This then creates localized membrane damage 

and causes cell death. Evidence in support of this mechanism of action can also be 

inferred from observations that immobilized QACs are only antimicrobially active 

provided sufficient positive-charge density, that is ≥ 1.6 x 10-4 C/cm2.41,42  

 

CONLCUSIONS 

Recently it has been argued that in the absence of visual, auditory, and olfactory 

perception, adhering bacteria react to membrane stresses arising from minor 

deformations due to the adhesion forces felt to make them aware of their adhering 

state on a surface and change their phenotype accordingly.43 Part A of this chapter 

provides a link between bacterial adhesion forces and the susceptibility of bacterial 

biofilms to antibiotics in solution, providing a clear clue as to why the susceptibility 

of bacterial biofilms differs on different biomaterials, as the weakly adhered 

bacterial cell in the planktonic regime appears to be more vulnerable to antibiotics. 

In part B of this chapter, we propose that immobilized QAC-molecules enhance the 

adhesion forces between a bacterium and a surface to a lethally strong attraction 

that induces cell deformation, causing reduced growth, stress-deactivation and 

removal of membrane lipids, eventually leading to cell death.  
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On the basis of these studies, it is concluded that the response of bacteria 

in a biofilm to their adhering state and their accompanying susceptibility to 

antimicrobials is determined by the magnitude of the force through which the 

organisms adhere to a substratum surface.  

 



Adhesion Forces and Responses of Bacteria Adhering to Different Surfaces 

31 

 

REFERENCES 

1. Verkkala, K., Eklund, A., Ojajärvi, J., Tittanen, L., Hoborn, J. & Mäkelä, P. The 

conventionally ventilated operating theatre and air contamination control during 

cardiac surgery – bacteriological and particulate matter control garment options for 

low level contamination. Eur. J. Cardiothorac. Surg. 14, 206–210 (1998). 

2. Costerton, J. W., Stewart, P. S. & Greenberg, E. P. Bacterial biofilms: a common cause 

of persistent infections. Science 284, 1318–1322 (1999). 

3. Del Pozo, J. L. & Patel, R. The challenge of treating biofilm-associated bacterial 

infections. Clin. Pharmacol. Ther. 82, 204–209 (2007). 

4. Cheng, G., Zhang, Z., Chen, S., Bryers, J. D. & Jiang, S. Inhibition of bacterial adhesion 

and biofilm formation on zwitterionic surfaces. Biomaterials 28, 4192–4199 (2007). 

5. Nejadnik, M. R., Van der Mei, H. C., Norde, W. & Busscher, H. J. Bacterial adhesion and 

growth on a polymer brush-coating. Biomaterials 29, 4117–4121 (2008). 

6. Tiller, J. C., Liao, C. J., Lewis, K. & Klibanov, A. M. Designing surfaces that kill bacteria on 

contact. Proc. Natl. Acad. Sci. U. S. A. 98, 5981–5985 (2001). 

7. Milovic, N. M., Wang, J., Lewis, K. & Klibanov, A. M. Immobilized N-alkylated 

polyethylenimine avidly kills bacteria by rupturing cell membranes with no resistance 

developed. Biotechnol. Bioeng. 90, 715–722 (2005). 

8. Fuchs, A. D. & Tiller, J. C. Contact-active antimicrobial coatings derived from aqueous 

suspensions. Angew. Chem.-Int. Ed. 45, 6759–6762 (2006). 

9. Waschinski, C. J., Zimmermann, J., Salz, U., Hutzler, R., Sadowski, G. & Tiller, J. C. Design 

of contact-active antimicrobial acrylate-based materials using biocidal macromers. Adv. 

Mater. 20, 104–108 (2008). 

10. Venkataraman, S., Zhang, Y., Liu, L. H. & Yang, Y. Y. Design, syntheses and evaluation of 

hemocompatible pegylated-antimicrobial polymers with well-controlled molecular 

structures. Biomaterials 31, 1751–1756 (2010). 

11. Donlan, R. M. Biofilm formation: a clinically relevant microbiological process. Clin. 

Infect. Dis. 33, 1387–1392 (2001). 

12. Schaer, T. P., Stewart, S., Hsu, B. B. & Klibanov, A. M. Hydrophobic polycationic coatings 

that inhibit biofilms and support bone healing during infection. Biomaterials 33, 1245–



Chapter 2 

32 

 

1254 (2012). 

13. Asuri, P., Karajanagi, S. S., Kane, R. S. & Dordick, J. S. Polymer-nanotube-enzyme 

composites as active antifouling films. Small 3, 50–53 (2007). 

14. Conte, A., Buonocore, G. G., Bevilacqua, A., Sinigaglia, M. & Del Nobile, M. A. 

Immobilization of lysozyme on polyvinylalcohol films for active packaging applications. 

J. Food Prot. 69, 866–870 (2006). 

15. Kenawy, E. R., Worley, S. D. & Broughton, R. The chemistry and applications of 

antimicrobial polymers: a state-of-the-art review. Biomacromolecules 8, 1359–1384 

(2007). 

16. Almeida, E., Diamantino, T. C. & de Sousa, O. Marine paints: the particular case of 

antifouling paints. Prog. Org. Coatings 59, 2–20 (2007). 

17. Knetsch, M. L. W. & Koole, L. H. New strategies in the development of antimicrobial 

coatings: the example of increasing usage of silver and silver nanoparticles. Polymers 

3, 340–366 (2011). 

18. Moreau, É., Ferrari, I., Drochon, A., Chapon, P., Vert, M. & Domurado, D. Interactions 

between red blood cells and a lethal, partly quaternized tertiary polyamine. J. 

Controlled Release 64, 115–128 (2000). 

19. Tiller, J. C. Antimicrobial surfaces. Bioact. Surfaces 240, 193–217 (2011). 

20. Imazato, S., Ebi, N., Takahashi, Y., Kaneko, T., Ebisu, S. & Russell, R. R. B. Antibacterial 

activity of bactericide-immobilized filler for resin-based restoratives. Biomaterials 24, 

3605–3609 (2003). 

21. Beyth, N., Yudovin-Farber, I., Perez-Davidi, M., Domb, A. J. & Weiss, E. I. 

Polyethyleneimine nanoparticles incorporated into resin composite cause cell death 

and trigger biofilm stress in vivo. Proc. Natl. Acad. Sci. U. S. A. 107, 22038–22043 (2010). 

22. Gottenbos, B., Van der Mei, H. C., Klatter, F., Nieuwenhuis, P. & Busscher, H. J. In vitro 

and in vivo antimicrobial activity of covalently coupled quaternary ammonium silane 

coatings on silicone rubber. Biomaterials 23, 1417–1423 (2002). 

23. Mileykovskaya, E. & Dowhan, W. Visualization of phospholipid domains in Escherichia 

coli by using the cardiolipin-specific fluorescent dye 10-N-nonyl acridine orange. J. 

Bacteriol. 182, 1172–1175 (2000). 



Adhesion Forces and Responses of Bacteria Adhering to Different Surfaces 

33 

 

24. Bolshakova, A. V., Kiselyova, O. I., Filonov, A. S., Frolova, O. Y., Lyubchenko, Y. L. & 

Yaminsky, I. V. Comparative studies of bacteria with an atomic force microscopy 

operating in different modes. Ultramicroscopy 86, 121–128 (2001). 

25. Andrews, J. M. BSAC standardized disc susceptibility testing method (version 8). J. 

Antimicrob. Chemother. 64, 454–489 (2009). 

26. Mah, T.-F. C. & O’Toole, G. A. Mechanisms of biofilm resistance to antimicrobial agents. 

Trends Microbiol. 9, 34–39 (2001). 

27. Drenkard, E. & Ausubel, F. M. Pseudomonas biofilm formation and antibiotic resistance 

are linked to phenotypic variation. Nature 416, 740–743 (2002). 

28. Schachter, B. Slimy business—the biotechnology of biofilms. Nat. Biotechnol. 21, 361–

365 (2003). 

29. Davies, C. M., Long, J. A., Donald, M. & Ashbolt, N. J. Survival of fecal microorganisms 

in marine and freshwater sediments. Appl. Environ. Microbiol. 61, 1888–1896 (1995). 

30. Jefferson, K. K. What drives bacteria to produce a biofilm? FEMS Microbiol. Lett. 236, 

163–173 (2004). 

31. Whiteley, M., Bangera, M. G., Bumgarner, R. E., Parsek, M. R., Teitzel, G. M., Lory, S. & 

Greenberg, E. P. Gene expression in Pseudomonas aeruginosa biofilms. Nature 413, 

860–864 (2001). 

32. Mah, T.-F., Pitts, B., Pellock, B., Walker, G. C., Stewart, P. S. & O'Toole, G. A. A genetic 

basis for Pseudomonas aeruginosa biofilm antibiotic resistance. Nature 426, 306–310 

(2003). 

33. Asri, L. A. T. W., Crismaru, M., Roest, S., Chen, Y., Ivashenko, O., Rudolf, P., Tiller, J. C., 

Van der Mei, H. C., Loontjens, T. J. A. & Busscher, H. J. A shape-adaptive, antibacterial-

coating of immobilized quaternary-ammonium compounds tethered on 

hyperbranched polyurea and its mechanism of action. Adv. Funct. Mater. (2013). 

doi:10.1002/adfm.201301686 

34. Crismaru, M., Asri, L. A. T. W., Loontjens, T. J. A., Krom, B. P., De Vries, J., Van der Mei, 

H. C. & Busscher, H. J. Survival of adhering staphylococci during exposure to a 

quaternary ammonium compound evaluated by using atomic force microscopy 

imaging. Antimicrob. Agents Chemother. 55, 5010–5017 (2011). 



Chapter 2 

34 

 

35. Stocks, S. M. Mechanism and use of the commercially available viability stain, BacLight. 

Cytom. Part J. Int. Soc. Anal. Cytol. 61, 189–195 (2004). 

36. Berney, M., Hammes, F., Bosshard, F., Weilenmann, H.-U. & Egli, T. Assessment and 

interpretation of bacterial viability by using the LIVE/DEAD BacLight kit in combination 

with flow cytometry. Appl. Environ. Microbiol. 73, 3283–3290 (2007). 

37. Lin, J., Qiu, S., Lewis, K. & Klibanov, A. M. Bactericidal properties of flat surfaces and 

nanoparticles derivatized with alkylated polyethylenimines. Biotechnol. Prog. 18, 

1082–1086 (2002). 

38. Xiang, F., Loontjens, T., Geladé, E. & Vorenkamp, J. Preparation of AB2 monomers and 

the corresponding hyperbranched polyureas in a one-pot procedure. Macromol. Chem. 

Phys. 213, 1841–1850 (2012). 

39. Olsson, A. L. J., Arun, N., Kanger, J. S., Busscher, H. J., Ivanov, I. E., Camesano, T. A., 

Chen, Y., Johannsmann, D., Van der Mei, H. C. & Sharma, P. K. The influence of ionic 

strength on the adhesive bond stiffness of oral streptococci possessing different 

surface appendages as probed using AFM and QCM-D. Soft Matter 8, 9870–9876 

(2012). 

40. Bieser, A. M. & Tiller, J. C. Mechanistic considerations on contact-active antimicrobial 

surfaces with controlled functional group densities. Macromol. Biosci. 11, 526–534 

(2011). 

41. Kugler, R., Bouloussa, O. & Rondelez, F. Evidence of a charge-density threshold for 

optimum efficiency of biocidal cationic surfaces. Microbiol.-Sgm 151, 1341–1348 

(2005). 

42. Murata, H., Koepsel, R. R., Matyjaszewski, K. & Russell, A. J. Permanent, non-leaching 

antibacterial surfaces - 2: How high density cationic surfaces kill bacterial cells. 

Biomaterials 28, 4870–4879 (2007). 

43. Busscher, H. J. & Van der Mei, H. C. How do bacteria know they are on a surface and 

regulate their response to an adhering state? PLoS Pathog. 8, e1002440 (2012). 

 



Chapter 3  

Statistical Analysis of Long- and Short-Range Forces Involved in 

Bacterial Adhesion to Substratum Surfaces Measured Using 

AFM 

 

 

 

 

 

 

 

 

 

 

 

(reproduced with permission of American Society for Microbiology from Chen, Y.; 

Busscher, H. J.; Van der Mei, H. C.; Norde, W. Statistical analysis of long- and 

short-range forces involved in bacterial adhesion to substratum surfaces 
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ABSTRACT 

Surface thermodynamic analyses of microbial adhesion using measured contact 

angles on solid substrata and microbial cell surfaces are widely employed to 

determine the nature of the adhesion forces, i.e. the interplay between Lifshitz-

Van der Waals and acid-base forces. While surface thermodynamic analyses are 

often critically viewed, atomic force microscopy (AFM) can also provide 

information on the nature of the adhesion forces by means of Poisson analysis of 

the measured forces. This review firstly presents a description of Poisson analysis 

and its underlying assumptions. Available literature data for different 

combinations of bacterial strains and substrata are summarized, yielding the 

conclusion that bacterial adhesion to surfaces is generally dominated by short-

range, attractive acid-base interactions, in combination with long-range, weaker 

Lifshitz-Van der Waals forces. This is in line with surface thermodynamic analyses 

of bacterial adhesion. Comparison with single molecule ligand-receptor forces 

from literature suggests that the short-range force contribution from Poisson 

analysis involves a discrete adhesive bacterial cell surface site, rather than single 

molecular force. The adhesion force arising from these cell surface sites and the 

number of sites available may vary from strain to strain. Force spectroscopy 

however, involves the tedious task of identifying the minor peaks in the AFM 

retract-force distance curves, which can be avoided by carrying out Poisson 

analysis on the work of adhesion, as can also be derived from retract-force 

distance curves. This newly proposed way to perform Poisson analysis confirms 

that multiple molecular bonds, instead of a single molecular bond, contribute to a 

discrete adhesive bacterial cell surface site. 
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INTRODUCTION 

Bacteria can adhere to various natural1 and synthetic surfaces,2 as occurring in 

widely different fields of application ranging from marine fouling, soil remediation, 

food and drinking water processing to modern medicine and dentistry. In order to 

avoid the problems sometimes associated with bacterial adhesion, or to take 

advantage of it, better understanding of the mechanisms by which bacteria 

adhere to surfaces is required. 

Bacterial adhesion to surfaces can be approached from a biochemical 

direction in which the molecular structures mediating adhesion are unraveled3–6 

or by a physico-chemical approach. Surface thermodynamic analyses of bacterial 

cell and substratum surfaces using measured contact angles with liquids have not 

only indicated when thermodynamic conditions are favorable or unfavorable for 

adhesion to occur,7,8 but can also be employed in combination with measured 

zeta potentials of the interacting surfaces to determine the nature of the 

adhesion forces that mediate initial adhesion, i.e. the interplay between long-

range Lifshitz-Van der Waals (LW), electrical double layer (EDL), and short-range 

Lewis acid-base (AB) interaction forces.9 Surface thermodynamic analyses of 

bacterial adhesion have always been questioned however, amongst others due to 

the macroscopic nature of the approach.10–14  

While surface thermodynamic analyses are often critically viewed, atomic 

force microscopy (AFM) can also provide information on the nature of bacterial 

adhesion forces by means of Poisson analysis of the measured forces. AFM force 

spectroscopy reveals the distance dependence of the adhesion force, and 

measured force-distance curves can be compared with theoretical models,15–18 

which are usually based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory.19,20 The extended DLVO theory21 does not include only long-range LW and 

EDL interactions as in the classical DLVO theory, but also short-range AB 
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interactions. The total interaction force between a bacterium and a substratum 

surface can be assigned to a variety of individual single-bonds, but direct 

measurement of the single bond forces requires a high AFM resolution,22 often 

not available on commercial AFM instruments. As an alternative, a statistical 

method, the so-called Poisson analysis was first applied by Han and Williams et 

al.22,23 to determine the magnitude of individual LW bonds between an AFM tip 

and a gold surface, as well as the strength of an individual AB bond between an 

AFM tip and a mica surface. Soon afterwards, Poisson analysis of AFM adhesion 

forces was applied to determine the nature of the interaction forces between 

single molecules24–27 and of the forces mediating bacterial adhesion to 

surfaces.3,10,16,28–31  

This review describes the principles and underlying assumptions of 

Poisson analysis of AFM adhesion forces and summarizes available literature data 

with respect to bacterial adhesion. Finally, it is suggested that the assumptions 

underlying Poisson analysis of AFM adhesion forces may be better met when the 

analysis is carried out on the work of adhesion, as can be derived from retract-

force distance curves measured with AFM, rather than on the adhesion forces. 

 

THEORETICAL BACKGROUND OF POISSON ANALYSIS TOWARD ADHESION 
FORCES 

The adhesion force between two surfaces may be considered as the sum of a 

finite number of discrete single bonds.32,33 Assuming that the formation of a single 

bond is random, and that all bonds develop independently with similar 

strengths,22,23 the number of bonds should follow a binomial distribution.22 The 

adhesion force is composed of long-range LW, EDL, and short-range AB forces. 

The long-range forces decay relatively slowly with distance and can be considered 

constant at close approach. Moreover, at close approach, the magnitude of long-
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range forces is generally small compared to the one of short-range forces.34 

Consequently at relatively short separation distance, the variation of the total 

adhesion force F, is mainly due to variations in the occurrence of the short-range 

forces. F can accordingly be expressed as 

 

LRSR FfkF                                                          (1)      

 

where k is the number of short-range bonds, fSR the magnitude of a single short-

range bond, and FLR represents the long-range force contribution to the adhesion 

force.  

Fig. 1a shows an AFM force-distance curve for Staphylococcus epidermidis 

on glass with multiple peaks in the retract curve. Considering each adhesion peak 

as an individual detachment event,3,10,16,28–31 each peak provides a specific 

adhesion force F, according to equation 1, and the only variable, for a given 

combination of a bacterial strain and substratum, is the number of short-range 

bonds k. It should be noted that it is a tedious task to identify the minor peaks, as 

it is not a priori clear when a peak should be taken as an individual detachment 

event.  

The distribution of k is reflected in the distribution of the adhesion force F 

over multiple adhesion peaks from a group of repeated AFM measurements over 

the same bacterial cell surface (see Fig. 1b). The distribution of F should 

approximately follow a Poisson distribution, provided the sample size is 

sufficiently large, and each bond forms with a small probability,28 according to  
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where k is the bond number corresponding to the adhesion force F, and P(F, λk) is 

the probability for a specific value of F. λk is the population mean of k, according 

to 
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One unique feature of a Poisson distribution is that its variance is always equal to 

the population mean, i.e. 

 

kk  2                                                              (4) 

 

Thus, the population mean and variance of the adhesion force, λF and σF
2, can be 

expressed as  

  

LRSR FfkF                                                       (5) 
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F )( FffFfff                (6) 

 

In statistics, the population mean and variance are often inaccessible and 

can only be estimated from sufficiently large sample sizes,35 as over a series of  

force distance curves, measured on the same bacterium. Fig. 1c lists the λF and σF
2 

values calculated for a single bacterial probe interacting with eight different spots 

on a glass surface, with at least 10 force distance curves taken at each spot. From 

equation 6 it follows that σF
2 relates linearly with λF, as illustrated in Fig. 1d. The 

slope of the line represents the magnitude of fSR, while its intercept equals (–

fSR×FLR), from which the long-range force contribution FLR can be derived.  
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Figure 1. Example of the steps involved in Poisson analysis of bacterial adhesion 
forces measured using AFM for a single bacterial (S. epidermidis ATCC35983) 
probe, interacting with eight different spots on a glass surface, with at least 10 
force distance curves taken at each spot.  
(a) example of an AFM retract curve, including multiple adhesion peaks. 
(b) histogram of adhesion forces at a single spot, with the solid line indicating the 
data fit to a Poisson distribution. 
(c) average adhesion force λF and its variance σF

2 over the number of adhesion 
peaks from all force distance curves taken at one spot.  
(d) σF

2 as a function of λF, yielding a straight line according to equation 6, from 
which the single-bond short-range force (fSR = -0.64 ± 0.08 nN) and the long-range 
force (FLR = -0.62 ± 0.14 nN) can be calculated (R2 = 0.916 for the example given).  

 

POISSON ANALYSIS OF BACTERIAL ADHESION FORCES 

Table 1 summarizes the results of Poisson analyses of bacterial adhesion forces 

obtained from AFM that, to our knowledge, have been published up to now.  
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Table 1. Short-range and long-range force contributions in the adhesion of 
different bacterial strains to substratum surfaces. Note that adhesion of bacteria 
with saliva-coated surfaces may involve only a few ligand-receptor interactions. 

 

Bacterial strain and substratum fSR (nN) FLR (nN) Reference 

Escherichia coli JM109 vs. Si3N4  -0.125 -0.155a 28,29 

Pseudomonas aeruginosa PAO1 vs. BSA-coated 
glass 

-0.31 -0.03b 

3 
Pseudomonas aeruginosa AK1401 vs. BSA-coated 

glass 
-0.44 -0.09b 

Staphylococcus epidermidis 3399 vs. glass -0.24 -0.07a 

16 

Staphylococcus epidermidis ATCC35983 vs. glass -0.79 -0.33a 

Staphylococcus epidermidis HBH2 3 vs. glass -1.02 -0.58a 

Staphylococcus epidermidis HBH2 169 vs. glass -0.75 -0.41a 

Streptococcus mitis BMS vs. saliva-coated enamel -1.0 ± 0.2 -0.3 ± 0.1a 

31 

Streptococcus sanguinis ATCC10556 vs. saliva-
coated enamel 

-1.1 ± 0.2 -0.3 ± 0.1a 

Streptococcus sobrinus HG1025 vs. saliva-coated 
enamel 

-0.8 ± 0.1 -0.3 ± 0.1a 

Streptococcus mutans ATCC700610 vs. saliva-
coated enamel 

-0.8 ± 0.2 -0.4 ± 0.1a 

Streptococcus sanguinis ATCC10556 vs. stainless 
steel 

-0.6 ± 0.2 8.1 ± 2.1a 

30 

Streptococcus mutans ATCC700610 vs. stainless 
steel 

-0.5 ± 0.1 1.2 ± 0.3a 

Streptococcus sanguinis ATCC10556 vs. salivary-
coated stainless steel 

-0.9 ± 0.2 -0.3 ± 0.1a 

Streptococcus mutans ATCC700610 vs. salivary-
coated stainless steel 

-0.7 ± 0.1 -0.5 ± 0.2a 

 
a. FLR values are corrected vis-a-vis the original publication, because of an 
erroneous sign of the force values published. 
b.  FLR values were not presented in the original publication, but calculated based 
on supplementary data of the original publication.3 
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A negative force value indicates attraction, while a positive value stands for 

repulsion. The short-range single-bond forces fSR are always negative and vary by 

almost a factor of ten among the different combinations of strains and substrata. 

Note that fSR is the strength of an individual short-range bond, and not the total 

short-range force which equals the number of short-range bonds k times the 

individual short-range bond strength fSR (see equation 1). The number of short-

range bonds can vary widely and Poisson analysis indicated that about 12 bonds 

were formed between an E. coli strain and a silicon nitride AFM tip,28 while a 

single streptococcus attached to stainless steel through 60 short-range bonds,30 a 

number that reduced to three or even fewer upon saliva-coating the steel 

surface.31 This implies that only very few ligand-receptor bonds are involved in the 

adhesion of streptococci to saliva-coated surfaces, making it doubtful whether the 

formation of ligand-receptor bonds should be considered as random events as 

needed in Poisson analysis. A similarly low number of single short-range bonds 

can be inferred for P. aeruginosa adhering to a bovine serum albumin coating3 

and staphyloccoci adhering to glass.16 

Poisson analysis does directly yield the total long-range force FLR (see also 

Table 1). The long-range forces are attractive for all combinations of bacterial 

strains and substrata, except for streptococci on conducting substrata on which 

the long-range forces appear repulsive due to additional EDL repulsion between 

negatively charged bacteria and negative image charges in the stainless steel. For 

non-conducting substrata, the short-range single-bond force is comparable or 

even stronger than the total long-range force contribution, indicating that the 

total short-range force exceeds the long-range force (FLR). This supports the 

general interpretation of the short-range single-bond force fSR derived from 

Poisson analysis as being due to AB forces, while LW and EDL forces contribute to 
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the long-range forces FLR, which is in line with most surface thermodynamic 

analyses of bacterial adhesion and extended DLVO analyses.17,36–39   

Although the single bond forces derived from Poisson analysis are widely 

interpreted as hydrogen bonds,3,16,30,31 typical rupture forces of a hydrogen bond 

are reportedly about 0.01 nN,22,32 which is orders of magnitude smaller than the 

fSR values in Table 1. On the other hand, ligand-receptor bonds, e.g. the 

streptavidin-biotin interaction, are reported to be in the order of 0.1 nN,26,40–42 

which is not only comparable with the fSR values in Table 1 and suggests that 

multiple hydrogen bonds are involved in one ligand-receptor bond. Indeed, X-ray 

crystallography has proven that multiple hydrogen bonds are involved in ligand-

receptor bonds.43 Consequently, it can be concluded that the short-range force 

contribution from Poisson analysis involves a discrete adhesive bacterial cell 

surface site, rather than a single molecular force. The adhesion force arising from 

these cell surface sites and the number of sites available may vary from strain to 

strain (see Table 1). 

 

POISSON ANALYSIS TOWARD THE WORK OF BACTERIAL ADHESION 

Hitherto, Poisson analysis of bacterial adhesion data obtained using AFM has 

always been based on adhesion forces,3,10,16,26–28,30 but considering the difficulties 

involved in the identification of minor peaks in the retract-force distance curves, it 

might be much simpler and subject to less bias when the analysis is performed 

based on the work of adhesion, which represents the free energy required to 

detach a bacterium from a substratum surface and can be calculated from the 

area under the entire retract-force distance curve. In analogy to equation 7, the 

work of adhesion Wadh can be expressed as 

 

LRSRadh WwnW                                                    (7) 



Poisson Analysis of Bacterial Adhesion 

45 

 

where wSR and WLR are the short-range single-bond and the long-range 

contributions to the work of adhesion, respectively. Following the deduction 

process as described for equation 6, it can be shown that 

 

)( LRSR
2 Ww WW                                                   (8) 

 

which yields wSR and WLR from linear regression of a plot of σW
2 versus λW, as 

demonstrated in Fig. 2d for  S. epidermidis ATCC35983 interacting with a glass 

surface. Both short-range and long-range contributions indicate favorable 

conditions for adhesion. The long-range energy WLR is generally a couple of orders 

of magnitude larger than literature values based on surface thermodynamic and 

(extended) DLVO analyses,17,36–39 while attractive AB interaction energies from the 

literature are comparable with the total short-range contribution derived here. A 

comparison of the wSR values resulting from the newly proposed analysis with 

hydrogen bonding energies (10 - 40 kJ/mol) from literature,44 confirms our 

conclusion based on a force analysis that Poisson analysis involves a discrete 

adhesive bacterial cell surface site, composed of multiple AB bonds, rather than a 

single molecular bond.  

Poisson analysis of the work of adhesion has a statistical drawback since 

one retract-force distance curve yields only a single value for the work of adhesion 

(Fig. 2a), whereas in the force analysis multiple peaks from a single retract-force 

distance curve are involved, as shown in Fig. 1c. As a consequence, the sample 

size required for use in the Poisson analysis has to be increased, although care has 

to be taken with respect to possible damage to the bacterial cell surface. In our 

experience however, twenty measurements at each spot can provide a sufficient 

number of data for Poisson analysis on the work of adhesion, without significant 

bacterial cell surface damage (Fig. 2c).  
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Figure 2. Example of the proposed Poisson analysis on the work of adhesion, 
calculated from retract-force distance curves measured with AFM for S. 
epidermidis ATCC35983 interacting with glass. 
(a) example of an AFM retract curve, indicating the work of adhesion, Wadh.  
(b) histogram of different values for the work of adhesion at a single spot, with 
the solid line indicating the data fit to a Poisson distribution. 
(c) the average work of adhesion λW and its variance σW

2 over all force distance   
curves taken at one spot. 
(d) σW

2 as a function of λW, yielding a straight line according to equation 8, from 
which the single-bond short-range contribution to the work of adhesion (wSR = (-
5.3 ± 1.0) × 10-18 J ) and the long-range contribution (WLR = (-15.3 ± 8.3) × 10-18 J) 
can be calculated (R2 = 0.854 for the example given). 

 

The assumptions necessary in the Poisson analysis of adhesion forces are 

mostly valid for the Poisson analysis of the work of adhesion. However, in the case 

of force analysis, the long-range force FLR is assumed to be constant among 

different individual adhesion peaks, since each peak is considered as an individual 
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detachment event. Yet it is known that also long-range force like LW interactions 

decay with distance and will have a smaller magnitude in more distant minor 

peaks. For Poisson analysis of the work of adhesion, one retract-force distance 

curve represents complete bacterial cell detachment as an independent 

detachment event, and accordingly the long-range work of adhesion can be 

considered invariant among all retract-force distance curves.  

 

CONCLUSIONS 

Poisson analysis of bacterial adhesion forces measured with AFM provides a 

means to determine the short-range and long-range contributions to the force of 

adhesion. The resulting short-range force contributions could be interpreted in 

line with the AB interactions from surface thermodynamic and (extended) DLVO 

analyses of bacterial adhesion, while long-range forces are significantly larger than 

literature values of the LW and EDL forces. However, opposite to what would be 

expected from this type of analysis, the short-range force contribution from 

Poisson analysis involves a discrete adhesive bacterial cell surface site, rather than 

a single molecular force. The adhesion force arising from these cell surface sites 

and the number of sites available may vary from strain to strain. Moreover, it is 

unlikely that all cell surface sites have equal strength, but currently there are no 

methods to experimentally demonstrate this. It is possible though, that the 

assumption of equal strength reduces the variance σF
2, therewith affecting the 

decoupling of adhesion forces according to equation 6. 

An alternative to carrying out a Poisson analysis on the force of adhesion 

would be to perform Poisson analysis on the work of adhesion, as also derived 

from retract-force distance curves obtained using AFM. This avoids the tedious 

identification of minor peaks in the AFM retract-force distance curves. Poisson 

analysis on the work of adhesion confirms that the analysis involves a discrete 
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adhesive bacterial cell surface site, composed of multiple AB bonds, rather than a 

single molecular bond.  
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ABSTRACT 

Visco-elastic deformation of the contact volume between adhering bacteria and 

substratum surfaces plays a role in their adhesion and detachment. Currently, no 

deformation models exist that account for the heterogeneous structure and 

composition of bacteria, consisting of a relatively soft outer layer and a more rigid, 

hard-core enveloped by a cross-linked peptidoglycan layer. The aim of this paper 

is to present a new, simple model to derive the reduced Young's modulus of the 

contact volume between adhering bacteria and substratum surfaces based on the 

relation between deformation and applied external loading force, measured using 

atomic force microscopy. The model assumes that contact is established through 

a cylinder with constant volume and does not require assumptions on the 

properties and dimensions of the contact cylinder. Reduced Young's moduli 

obtained (8-47 kPa) and dimensions of the contact cylinders could be interpreted 

on the basis of the cell surface features and cell wall characteristics, i.e. surfaces 

that are more rigid (because of either less fibrillation, less extracellular polymeric 

substance production or higher degree of cross-linking of the peptidoglycan layer) 

had shorter contact cylinders and higher reduced Young’s moduli. Application of 

an existing Hertz model to our experimental data yielded reduced Young’s moduli 

that were up to 100 times higher for all strains investigated, likely because the 

Hertz model pertains for a major extent to the more rigid peptidoglycan layer and 

not only to the soft outer bacterial cell surface, involved in the bond between a 

bacterium and a substratum surface. 
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INTRODUCTION 

Microbial adhesion takes place on all natural and man-made surfaces1 and poses 

considerable threats in amongst others, food-processing, drinking water systems 

and human health. These threats are not always associated with adhering 

organisms, but often with their detachment causing contamination elsewhere. In 

human health for instance, contact lens related microbial keratitis is caused by 

bacterial adhesion to and detachment from lens cases to the contact lens onto 

the cornea.2 In food processing, pasteurized milk can become bacterially re-

contaminated by detachment of thermo-resistant streptococci from heat 

exchanger plates in the downward, cooling section of pasteurizers.3 Bacterial 

detachment occurs through a visco-elastic failure model4 and oral biofilm left 

behind after toothbrushing has been found to possess expanded bond lengths 

between adhering bacteria due to visco-elastic deformation.5 Although more 

prominently demonstrated for bacterial detachment, visco-elastic deformation 

may also play a role in bacterial adhesion to substratum surfaces since it increases 

the contact area between a bacterium and the surface. Recently it has been 

suggested6  that deformation of bacterial cell surfaces during adhesion may result 

in so-called stress-deactivation of the adhering organisms, making them more 

susceptible to antimicrobials which may provide new clues to prevent antibiotic-

resistance. Deformation of the bacterial cell surface and an associated change in 

contact area in response to an applied external force are hard to model and 

require knowledge of the visco-elasticity of the bacterial cell surface. 

In colloid science, several deformation models (e.g. Hertz, Johnson-

Kendall-Roberts and the Derjaguin-Muller-Toropov model) have been developed 

to describe the deformation of an elastic sphere under an applied external loading 

force.7–10 All models have in common that they require a priori knowledge of the 

reduced Young's modulus E* of the particle (i.e. a bacterium), and substratum in 



Chapter 4 

56 

 

order to calculate deformation and possible changes in contact area during 

loading.11,12 Note that there is a subtle difference between the reduced Young’s 

modulus E* and the Young’s modulus E, according to 

 

21
*




E
E                            (1) 

 

where ν is the Poisson's ratio of the material under consideration (for most 

materials ν is between 0 and 0.5). The Poisson's ratio accounts for the fact that a 

material compressed or stretched in one direction, usually tends to expand or 

become compressed, respectively in the other two, perpendicular directions. The 

Poisson's ratio is the ratio of the fractional expansion divided by the fractional 

compression or vice versa.13 

Use of atomic force microscopy (AFM) allows control of the applied 

external force and measurement of the induced deformation. Such data in 

combination with any of the above deformation models can be applied to 

determine the reduced Young's modulus of both hard and elastic materials.14–16 

Application of these models assumes that the particles examined are 

homogeneous with respect to their composition and visco-elastic properties, but 

this is not the case for bacteria. Bacteria can either be rod- or spherically-shaped 

and are by no means structurally homogeneous. Gram-positive bacteria consist of 

a cytoplasmic, intracellular fluid contained within a hard-core, enveloped by a 

lipid bi-layer or membrane covered by a thick and relatively rigid, cross-linked 

peptidoglycan layer (Fig. 1a). Gram-negative strains possess a double membrane 

with a thin layer of peptidoglycan in between. The outermost bacterial cell surface 

may consist of proteinaceous surface appendages of different diameters and 

lengths of up to hundreds of nanometers or by a layer of extracellular polymeric 

substances (EPS), produced by the organisms.17  
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Figure 1.  
(a) 3D-schematics of a Gram-positive bacterium, consisting of intracellular 
cytoplasmic fluid contained within a hard-core, composed of a lipid bi-layer or 
membrane covered by a thick and rigid, cross-linked peptidoglycan layer. The 
softer, outermost cell surface may consist of a combination of proteinaceous 
surface appendages combined with EPS. 
(b)    Bacterium upon initial contact with a substratum surface, in absence of an 
external deformation force. The contact volume is represented by a cylinder with 
an initial area S0 and height h0. 
(c)   Deformation of the bacterial contact cylinder upon application of an external 
force Fld to an area S and height h.  

 

As a consequence of the structural and compositional heterogeneity of bacterial 

cell surfaces, there is no homogeneous stress distribution upon external loading 

and the softer outer layer may deform to concentrate the stress toward the more 
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rigid, hard-core. Therewith the contact volume and its reduced Young's modulus 

are beyond experimental reach for bacterial cell surfaces using AFM and existing 

deformation models. 

In this paper, we present a new, simple model to derive the reduced 

Young's modulus of the contact volume between an adhering bacterium and a 

substratum surface. Our model is solely based on the assumption that contact is 

established through a cylinder with constant volume during deformation upon 

application of an external loading force. Importantly the model does not a priori 

require any assumptions on the properties and dimensions of the contact cylinder 

and is applicable to different bacterial strains and species, regardless of whether 

they are Gram-positive or Gram-negative, rod-shaped or coccal, and the details of 

their surface structure and composition. The model requires measurement of 

force-distance curves using AFM between a bacterial probe and a substratum 

surface and is applied here on six strains that allow pair-wise comparisons to 

identify the effects of  

(1) the absence or presence of fibrillar surface appendages (two isogenic 

Streptococcus salivarius strains),18,19  

(2) slime production (two Staphylococcus epidermidis strains)20 and  

(3) the degree of cross-linking in the peptidoglycan envelope (two 

isogenic Staphylococcus aureus strains).21  

A summary of the relevant cell surface features of the different strains is 

given in Table 1. Note that we confined our experiments to this selection of Gram-

positive cocci, because they have pair-wise unique properties that contribute to 

the interpretation and validation of the results based on our knowledge of their 

cell wall properties. Also, reproducible preparation of bacterial probes for rod-

shaped organisms is more difficult than for coccal organisms. 
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RESULTS 

Derivation of mechanical properties of the bacterial contact volume mediating 
adhesion using a new, elastic deformation model  

A bacterial probe attached to a tipless AFM cantilever is compressed against a 

glass surface under the external loading force of the AFM, yielding deformation of 

an assumed contact cylinder from an initial area S0 and height h0 (Fig. 1b) to their 

deformed values S and h (Fig. 1c). Assuming that the volume of the contact 

cylinder remains constant during adhesion and associated deformation, its initial 

and final dimensions can be related to the deformation hh  0  according to 

 




0

00

h

hS
S                                                                 (2) 

 

while by equating the volume of the spherical cap contacting the substratum with 

the volume of a cylinder of equal height, S0 can be estimated as  

 

00 RhS                                                                  (3) 

 

in which R is the bacterial cell radius, taken as 500 nm for all strains employed in 

this study.12,18,22 As long as the bacterium is in contact with the substratum surface, 

δ can be calculated from the displacement of the sample stage as measured with 

the piezo-transducer of the AFM, Δz, and the cantilever deflection d 

 

dz                                                                (4) 

 

Equating the elastic force Fcant exerted by the cantilever with the force arising due 

to deformation of the contact volume according to Hooke’s law, yields  
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                                                      (5) 

 

where k is the spring constant of the cantilever and E* is the reduced Young's 

modulus of the contact cylinder. By combining equations 2, 3, and 5, Fcant can be 

expressed as  
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Subsequently, fitting of the experimental data for Fcant and the deformation δ 

yields the reduced modulus E* and the initial dimension h0.  

In Fig. 2, the force sensed by the AFM cantilever, Fcant, upon deforming an 

adhering bacterium is presented as a function of the deformation δ. Since the 

strains included in this study are pair-wise selected with respect to differences in 

cell surface features (see Table 1), graphs have been arranged such that strains 

showing the largest deformation within a pair are presented on the right. Large 

differences in deformation were observed both within pairs as well as between 

pairs. 
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Figure 2. The deformation force exerted by the cantilever Fcant as a function of the 
bacterial deformation δ applied for two S. epidermidis (ATCC 35983 and ATCC 
35984), S. salivarius (HB-7 and  HB-C12) and S. aureus strains (NCTC 8325-4 and its 
isogenic Δpbp4 strain). Note X-axes have different scales. R2 values are indicated 
in the graphs.  
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Table 1. Structural features of the different pairs of bacterial strains included in 
this study together with dimensions and reduced Young's moduli of the contact 
cylinder between adhering bacteria and a glass substratum. Reduced Young's 
moduli were obtained from the proposed elastic deformation model of the 
contact cylinder and from a Hertz modeling of the compression data, pertaining to 
the soft, outermost cell surface and for an unknown part to the bacterial hard-
core (see also Fig. 1). 

 

Strain 
Structural 

Feature 

Proposed 
Elastic Deformation  Model 

Hertz 
Model 

h0 
(nm)a 

S0 
(104 nm2) 

E* 
(kPa)a 

E* 
(kPa)a 

S. epidermidis 

ATCC 35983 
Poor slime-
producer 

11 ± 2 1.8 22 ± 4 7190± 1718 

ATCC 35984 
Strong 
slime-

producer 
53 ± 7 8.3 8 ± 2 510 ± 160 

S. salivarius 

HB-C12 
Non-

fibrillated 
28 ± 3 4.4 13 ± 2 1320 ± 254 

HB-7 
Fibrillated 

(91 nm long) 
44 ± 1 6.9 7 ± 1 593 ± 151 

S. aureus 

NCTC 8325-4 Wild-type 12 ± 2 2.0 
47± 
26 

5472± 3020 

NCTC 8325-4Δpbp4 

Deficient in 
peptidoglyc

an cross-
linking 

91 ± 2 14.2 10 ± 1 170 ± 62 

 

a± signs indicate the standard deviations in h0 and E* over deformation 
measurements taken over 24 different spots on the glass substratum, comprising 
eight different bacteria. 

 

Data could be well fitted to equation 6, yielding values of E* and h0 for the 

contact cylinders. These are summarized in Table 1, together with values for the 

initial contact areas S0 calculated from equation 3. Note that the quality of the fit 

to equation 6 is generally good, except for S. aureus NCTC 8325-4, probably as a 

result of its relatively small deformation upon external loading. The reduced 
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Young’s moduli calculated by our proposed deformation model vary by a factor of 

seven among this collection of strains, and within the pairs of staphylococci and 

streptococci it is lower in case of EPS-production, possession of fibrils, and lack of 

crosslinking in the peptidoglycan layer. As an important feature of the model, the 

dimensions of the contact cylinder at zero external loading force, are obtained as 

well. Within each pair, a decrease in reduced Young’s modulus is accompanied by 

a larger height and contact area of the initial contact cylinder. 

Derivation of reduced Young's moduli using AFM in the Hertz model 

The reduced Young's moduli of soft materials can also be obtained using the Hertz 

model,7,23 assuming the adhesion force arising from the contact can be neglected. 

When applying the Hertz model to bacteria, a bacterium is simply considered as a 

uniform, elastic sphere and approach force-distance curves are fitted to 

 

2
3

2
1

cant *
3
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REF                                                     (7) 

 

Fitting of the experimental data for Fcant and the deformation δ using the 

"Indentation" module within NanoScope Analysis software (Bruker) then directly 

yields the reduced Young’s modulus E*.  

Analysis according to the Hertz model only yields reduced Young's moduli 

of the adhering bacteria as a whole, and accordingly, as shown in Table 1, these 

are about three orders of magnitude larger than obtained from our proposed 

deformation model. The measured adhesion forces for the strains involved in this 

study were generally less than 2 nN (data not shown), which justifies the use of 

the Hertz model.   
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DISCUSSION  

We propose a simple model to evaluate the elastic deformation of a bacterial cell 

surface upon external loading using AFM. The model is based on the assumption 

that the contact  between an adhering bacterium and a substratum surface can be 

represented as a cylinder having a constant volume during deformation, while the 

rigid, hard-core of a bacterium (see Fig. 1) does not a priori participate in the 

deformation unless severely softened, as for instance when cross-linking of the 

peptidoglycan in the cytoplasmic envelope is absent. The model allows for 

derivation of the reduced Young’s modulus of the contact volume from the 

relation between the external loading force Fcant and the deformation. Like the 

Hertz model, our model only accounts for elastic deformation, although it has 

been argued that bacteria should be regarded as being visco-elastic.12 Retardation 

time constants of bacteria based on standard solid models24 are reported to be 

around 1 to 2 s, which is at least ten times longer than the time scale in which we 

apply our external loading force. Thus, considering the relatively high frequencies 

applied, a viscous contribution toward the bacterial cell surface deformation can 

be neglected using the current protocol. It could be argued (see also Fig. 1), that 

during application of an external loading force, not only the contact volume 

between the rigid, hard-core of a bacterium and the substratum surface is 

deformed, but also the volume between the bacterium and the AFM cantilever. 

However, the adhesion force of a negatively charged bacterium to a positively 

charged cantilever (due to the adsorbed α-poly-L-lysine layer) is much stronger 

than to a negatively charged glass surface,25–27 while furthermore the bond 

between cantilever and bacterium has had ample time to mature. From this we 

conclude that the contact volume between the bacterium and cantilever can be 

considered undeformable. Nevertheless, the equations presented can be easily 

adjusted to include deformation of the contact volume between a bacterium and 
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a cantilever. When for instance, both contact volumes would contribute equally to 

the deformation measured, δ should be replaced by δ/2, which would yield two-

fold smaller values for h0 and S0, while reduced Young's moduli would  double.  

In order to judge whether the results obtained using our new model are 

realistic, we selected pairs of bacterial strains having distinctly different cell 

surface features and cell wall characteristics within each pair. Within the pair of S. 

epidermidis strains, S. epidermidis ATCC 35983 produces the least EPS,20 

explaining why the height of its contact cylinder is found to be smaller and its 

reduced Young’s modulus higher than for S. epidermidis ATCC 35984. Similarly, 

the differences in height and elasticity modulus between the isogenic S. salivarius 

strains can be ascribed to the difference in fibrillation of these strains. S. salivarius 

HB-7 possesses fibrils with a uniform length of 91 nm18 and the contact cylinder, 

with a calculated height of 44 nm, is fully located within the fibrillar layer. 

However, at the surface of S. salivarius HB-C12 there are no fibrils19 and the 

contact cylinder with height 28 nm extends well into peptidoglycan layer of the 

bacterial cell wall, giving rise to a higher reduced Young's modulus than HB-7. The 

isogenic S. aureus strains differ with respect to the degree of cross-linking of their 

peptidoglycan layer. The peptidoglycan in the wall of S. aureus NCTC 8325-4 is 

highly cross-linked, whereas that of the isogenic mutant Δpbp4 is deficient in 

cross-linking.21 Accordingly, the bacterial cell wall of S. aureus NCTC 8325-4 is 

more rigid than the cell wall of Δpbp4, as indicated by the higher reduced Young’s 

modulus. Furthermore, the different values of the height of the contact cylinder 

reflect the difference in softness of the bacterial cell walls between the two 

strains and how far it extends toward the peptidoglycan layer (if not 

encompassing it). The fact that the method self-defines the dimensions of the 

contact cylinder is an important feature, as it makes the method applicable to 
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highly complex bacterial cell walls, including those of Gram-negative strains, 

possessing a double lipid membrane. 

Application of the established Hertz model to our experimental data also 

yields pairwise differences in reduced Young’s moduli, demonstrating differences 

in cell surface features and cell wall characteristics within each pair of strains, 

similar as our new, elastic deformation model (Table 1). However, the reduced 

moduli derived from the Hertz model are orders of magnitude larger than those 

obtained from our proposed elastic deformation model. Thwaites and 

Mendelson28 reported 10 MPa for the Young's modulus of the peptidoglycan 

thread in Bacillus subtilis cell walls, which is in the same order of magnitude as 

obtained for the present collection of strains using the Hertz model. The high 

reduced Young’s moduli arrived in the Hertz model likely pertain for a major part 

to the bacterial hard-core. On the other hand, our model self-defines the 

dimensions of the contact volume. The heights of the contact cylinder derived are 

limited to several tens of nanometers and therewith clearly refer to the features 

of the outermost cell surface (with the evident exception of the staphylococcal 

strain, deficient in peptidoglycan cross-linking). Accordingly, reduced Young's 

moduli of bacterial contact volumes involved in adhesion derived by our model 

fall within the range of data published for the Young’s moduli of biopolymer 

gels29,30 and polyelectrolyte multilayers,31 generally ranging from 1 to 100 kPa. 

Thus, we believe that our elastic deformation model yields advantages over the 

use of other models, like the Hertz model as it accounts for the heterogeneous 

composition and visco-elastic properties of bacteria, which is especially important 

to identify the elastic properties of the bond between an adhering bacterium and 

a substratum surface.  

In conclusion, a simple model is proposed to determine reduced Young's 

modulus of the bond between adhering bacteria and substratum surfaces. The 
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model is based on the measurement of the elastic deformation of an assumed 

cylindrical contact of constant volume, and defines its own initial cylinder height. 

The resulting reduced Young's moduli and the dimensions of the contact cylinders 

could be interpreted on the basis of the cell surface features and cell wall 

characteristics, i.e. surfaces that are more rigid (because of either less fibrillation, 

less EPS production or higher degree of cross-linking of the peptidoglycan layer) 

have shorter contact cylinders and higher reduced Young’s moduli. Unlike the 

values found using the Hertz model, Young’s moduli derived for the contact 

volumes in our elastic deformation model correspond with Young’s moduli from 

the literature for biopolymer gels and polyelectrolyte multilayers. Application of 

the established Hertz model to our experimental data yields higher reduced 

Young’s moduli of all strains investigated, likely because the Hertz model pertains 

for a major extent to the more rigid peptidoglycan layer surrounding the bacterial 

cytoplasm and, unlike our elastic deformation model, does not distinguish 

between the soft outer bacterial cell surface and  the hard core of bacterial cells.  

Although our model is applicable to different bacterial strains and species, 

regardless of whether they are Gram-positive or Gram-negative, rod-shaped or 

coccal and the details of their surface structure and composition, it is more 

difficult to apply to rod-shaped organisms because the orientation of a rod-

shaped organisms with respect to the AFM cantilever needs to be established and 

controlled. Moreover, for rod-shaped organisms other assumptions may have to 

be made with respect to the geometry of the contact volume, which does not 

necessarily needs to be cylindrical as was assumed for coccal organisms. However, 

as long as the assumption of constant volume for the contact volume during 

deformation is made, our proposed method can be applied without further 

modification or difficulty. 
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MATERIALS AND METHODS 

Bacterial strains and culture conditions 

Three pairs of strains with different surface features were involved in this study: S. 

epidermidis ATCC 35983 and ATCC 35984 are known as a poor and strong EPS 

producer, respectively,20 isogenic S. salivarius HB-7 and HB-C12 represent two 

related strains that differ in their possession of fibrillar surface appendages18,19 

and the pair of S. aureus NCTC 8325-4 and its isogenic Δpbp4 mutant differs in the 

degree of cross-linking of their peptidoglycan layer.21 Staphylococci were pre-

cultured from blood agar plates in 10 ml Tryptone Soya Broth (OXOID, Basingstoke, 

England), while streptococci were pre-cultured from blood agar plates in 10 ml 

Todd Hewitt Broth (OXOID). All pre-cultures were grown for 24 h at 37°C. After 24 

h, 0.5 ml of a pre-culture was transferred into 10 ml fresh medium and the main 

culture was grown for 16 h at 37°C. Bacteria were harvested by centrifugation at 

5000×g for 5 min, washed twice with 10 mM potassium phosphate buffer, pH 7.0 

and finally suspended in the same buffer. When bacterial aggregates or chains 

were observed microscopically, 10 s sonication at 30 Watt (Vibra Cell model 375, 

Sonics and Materials Inc., Danbury, Connecticut, USA) was carried out 

intermittently for three times, while the suspension was cooled in a water/ice 

bath.  

AFM force spectroscopy  

Bacterial probes were prepared by immobilizing a bacterium to a NP-O10 tipless 

cantilever (Bruker, Camarillo, California, USA). Cantilevers were first calibrated by 

the thermal tuning method and spring constants were always within the range 

given by the manufacturer (0.03 – 0.12 N/m). Next, a cantilever was mounted to 

the end of a micromanipulator and under microscopic observation, the tip of the 

cantilever was dipped into a droplet of 0.01% α-poly-L-lysine with MW 70,000-

150,000 (SIGMA-ALDRICH, St. Louis, Missouri, USA) for 1 min to create a positively 
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charged layer. After 2 min of air-drying, the tip of the cantilever was carefully 

dipped into a bacterial suspension droplet for 1 min to allow bacterial attachment 

through electrostatic attraction and dried in air for 2 min. Bacterial probes were 

always used immediately after preparation.  

All force spectroscopy measurements were performed in 10 mM 

potassium phosphate buffer (pH 7.0) at room temperature on a BioScope Catalyst 

AFM (Bruker). In the method proposed, the bacterial probe was moved towards a 

glass microscope slide cleaned to a zero degrees water contact angle (Gerhard 

Menzel GmbH, Braunschweig, Germany) at a constant velocity of 1 µm/s. During 

deformation, the force Fcant, exerted by the cantilever were recorded as well as 

the displacement Δz, of the sample stage as measured with the piezo-transducer 

of the AFM until a maximum loading force of 3 nN.  

In order to verify that a bacterial probe enabled a single contact with the 

surface, a scanned image in AFM contact mode with a loading force of 1 - 2 nN 

was made at the onset of each experiment and examined for double contour lines. 

Double contour lines indicate that the AFM image is not prepared from the 

contact of a single bacterium with the surface, but that multiple bacteria on the 

probe are in simultaneous contact with the substratum. Any probe exhibiting 

double contour lines were discarded. At this point it must be noted however, that 

double contour line images seldom or never occurred, since it represents the 

unlikely situation that bacteria on the cantilever are equidistant to the substratum 

surface within the small range of the interaction forces, which is unlikely because 

the cantilever is contacting the substratum under an angle of 15 degrees. 

Before actual deformation measurements, five force-distance curves of a 

bacterial probe toward a clean glass surface were measured at a loading force of 3 

nN and the maximal adhesion forces upon retract recorded. After each 

deformation measurements on a new spot on the glass slide, and after increase of 
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the external loading force upon a bacterium till 3 nN, the bacterial probe was 

retracted from the glass substratum and the maximal adhesion force measured 

again. Whenever the maximal adhesion force recorded differed more than 1 nN 

from the initial value, the bacterial probe was regarded damaged and replaced by 

a new one.  
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ABSTRACT 

Bacterial adhesion forces are considered to be the result of an interplay between 

long-range Lifshitz-Van der Waals and electrical double layer and short-range 

Lewis acid-base interaction forces. Surface thermodynamic separations of force 

contributions as widely reported in the literature to describe  bacterial adhesion, 

often fail due to their macroscopic nature. An established Poisson analysis of 

bacterial adhesion forces measured using atomic force microscopy allows to 

decouple the short- and long-range contributions to the adhesion force. An 

alternative method for the same purpose based on an elastic deformation model, 

is proposed here; it involves a linear relationship between the adhesion force and 

the applied loading force in atomic force microscopic measurements, as is 

consistent with experimental data. Poisson analysis and analysis of the relation 

between adhesion force and the loading force applied mostly yield attractive 

short- and long-range contributions to bacterial adhesion forces. The long-range 

forces are generally not stronger than -1 nN, while significantly larger short-range 

forces are found for bacterial strains with slime or fibrils. Our finding suggests that 

structural features at bacterial cell surfaces mainly impact the short-range 

contribution to the total adhesion, as they provide additional contact area at close 

approach. 
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INTRODUCTION 

At various natural and synthetic surfaces, bacteria tend to organize themselves 

into well-structured communities, known as biofilms.1–3 Being held together by an 

extracellular matrix, typically composed of exopolysaccharides, nucleic acids, and 

proteins, bacteria within biofilms are well protected against environmental 

attacks, such as antibiotics, thermal shock, or physical impacts.4–9 Biofilm 

formation starts with adhesion of single bacteria to a substratum surface, which 

makes investigation of the forces involved in bacterial adhesion highly relevant.  

Although a great deal of work has been reported in the literature on 

bacterial adhesion forces, the nature of the adhesion forces remains largely 

unknown.10–13 Surface thermodynamic methods, using contact angles with liquids 

and zeta potentials of the interacting surfaces, are widely applied to evaluate the 

initial adhesion force in terms of long-range Lifshitz-Van der Waals (LW) and 

electrical double layer (EDL) forces, as well as short-range Lewis acid-base (AB) 

interaction forces.14–17 However, due to their macroscopic nature, thermodynamic 

methods are often critically reviewed, since the role of various appendages at the 

bacterial cell surface is generally ignored.18–22 Atomic force microscopy (AFM) 

provides another possibility to determine the bacterial adhesion force in a more 

straightforward manner. In combination with statistics-based Poisson analysis, the 

adhesion force between a bacterium and a substratum surface, measured by AFM, 

can be separated into a long- and short-range contribution.10,18,23–27 Assuming 

discreteness in the short-range bonding, i.e. independence of the short-range 

bonds from each other, the method can even estimate the force magnitude of a 

single short-range bond. For bacterial adhesion, the assumed independence in 

short-range bonding is questionable, which complicates the interpretation of the 

data. 
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Figure 1.  
(a) 3D-schematics of a Gram-positive bacterium, consisting of intracellular 
cytoplasmic fluid contained within a hard-core, composed of a lipid bi-layer or 
membrane covered by a thick and rigid, cross-linked peptidoglycan layer. The 
softer, outermost cell surface may consist of a combination of proteinaceous 
surface appendages combined with EPS. 
(b)  Bacterium upon initial contact with a substratum surface, in absence of an 
external deformation force. The contact volume is represented by a cylinder with 
an initial area S0 and height h0. 
(c)   Deformation of the bacterial contact cylinder upon application of an external 
force Fld to an area S and height h. 

 

In this chapter, we propose a new analysis of the AFM data to reveal the 

long- and short-range contributions to bacterial adhesion forces. In order to 

identify the effects of various bacterial cell surface structures (see Fig. 1a) on the 
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adhesion force, four bacterial strains were examined that allow pair-wise 

comparisons with respect to the features summarized in Table 1. 

 

Table 1. Cell surface structural features of two pairs of bacterial strains included in 
this study. 

Strain 
Staphylococcus epidermidis Streptococcus salivarius 

ATCC 35983 ATCC 35984 HB-C12 HB-7 

Surface 
Structural 
Feature 

Poor slime-
producer28 

Strong slime-
producer28 

Non-fibrillated29 
Fibrillated 

(91 nm long)30 

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions 

Two pairs of strains with different surface features were involved in this study: S. 

epidermidis ATCC 35983 and S. epidermidis ATCC 35984 are known as a poor and 

strong slime producer, respectively;28 and isogenic S. salivarius HB-7 and S. 

salivarius HB-C12 represent two strains that differ in their possession of fibrillar 

surface appendages.29,30 Staphylococci were pre-cultured from blood agar plates 

in 10 ml Tryptone Soya Broth (OXOID, Basingstoke, England), while streptococci 

were pre-cultured from blood agar plates in 10 ml Todd Hewitt Broth (OXOID). All 

pre-cultures were grown for 24 h at 37°C. After 24 h, 0.5 ml of a pre-culture was 

transferred into 10 ml fresh medium and the main culture was grown for 16 h at 

37°C. Bacteria were harvested by centrifugation at 5000×g for 5 min, washed 

twice with 10 mM potassium phosphate buffer, pH 7.0 and finally suspended in 

the same buffer. When bacterial aggregates or chains were observed 

microscopically, 10 s sonication at 30 Watt (Vibra Cell model 375, Sonics and 

Materials Inc., Danbury, Connecticut, USA) was carried out intermittently for 

three times, while the suspension was cooled in a water/ice bath. 
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Bacterial probe preparation 

Bacterial probes were prepared by immobilizing a bacterium to a NP-O10 tipless 

cantilever (Bruker, Camarillo, California, USA). Cantilevers were first calibrated by 

the thermal tuning method and spring constants were always within the range 

given by the manufacturer (0.03 – 0.12 N/m). Next, a cantilever was mounted to 

the end of a micromanipulator and under microscopic observation the tip of the 

cantilever was dipped into a droplet of α-poly-L-lysine with MW 70,000-150,000 

(SIGMA-ALDRICH, St. Louis, USA) for 1 min to create a positively charged layer. 

After 2 min of air-drying, the tip of the cantilever was carefully dipped into a 

bacterial suspension droplet for 1 min to allow bacterial attachment through 

electrostatic attraction and dried in air for 2 min. Bacterial probes were always 

used immediately after preparation.  

AFM force spectroscopy  

All force spectroscopy measurements were performed in 10 mM potassium 

phosphate buffer (pH 7.0) at room temperature on a BioScope Catalyst AFM 

(Bruker). In the method proposed, the bacterial probe was moved towards a glass 

microscope slide cleaned to a zero degrees water contact angle (Gerhard Menzel 

GmbH, Braunschweig, Germany) at a constant velocity of 1 μm/s, until the pre-set 

loading force Fld was detected, after which retract was initiated until the bacterial 

probe fully detached from the glass surface.  

In order to verify that a bacterial probe enabled a single contact with the 

surface, a scanned image in AFM contact mode with a loading force of 1 - 2 nN 

was made at the onset of each experiment and examined for double contour lines, 

indicative of multiple bacteria on the probe that are simultaneously in contact 

with the substratum. Any probe exhibiting double contour lines was discarded. At 

this point it must be noted however, that double contour line images seldom or 

never occurred, since it represents the unlikely situation that bacteria on the 
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cantilever are equidistant to the substratum surface within the small range of the 

interaction forces, which is unlikely because the cantilever is contacting the 

substratum under an angle of 15 degrees. 

Adhesion forces between the bacterial cell and glass surface were 

measured at multiple, randomly chosen spots. Before actual measurements, five 

force-distance curves of a bacterial probe toward a clean glass surface were 

measured at a loading force of 3 nN and the maximal adhesion force upon retract 

recorded. Next, the maximal adhesion forces were measured at loading forces 

increasing in 1 nN steps up to 9 nN. For each loading force, at least 20 force-

distance curves were recorded, and the maximal adhesion force under the loading 

force of 3 nN was always measured again. Whenever that force recorded differed 

more than 1 nN from the initially measured value, the bacterial probe was 

regarded damaged and replaced by a new one. 

 

THEORY 

Elastic deformation model (EDM) 

It has been suggested that the adhesion force Fadh can be split up into a long-range 

and a short-range contribution.23,31–34 Because the long-range force FLR arises from 

attractive Lifshitz-Van der Waals interactions originating from the entire cell body, 

it decays relatively slowly with increasing distance between a bacterium and 

substratum surface. Therefore, as long as the bacterial cell surface is in contact 

with the substratum surface, FLR is approximately constant. In analogy to Poisson 

analyses of AFM adhesion forces,23,35 the short-range force can be regarded to be 

proportional to the contact area S and hence 

 

   SfFF SRLRadh                                                            (1) 
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where fSR is the short-range force per unit contact area. By combining equation 1 

with the previously proposed elastic deformation model, as illustrated in Figs. 1b 

and 1c, where the contact volume is assumed to be invariant with deformation,36 

Fadh can  be expressed as 

 

  
max0

0
0SRLRadh




h

h
SfFF                                                 (2)  

 

where δmax is the bacterial deformation when the force sensed by the cantilever 

equals the pre-set loading force Fld. According to Hooke's law, Fld is related to  

δmax, during deforming the elastic cylinder in Fig. 1c,36 as follows 

 

   
max0
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*








h

SE
F                                                         (3)  

 

and by solving the above equation for δmax, 

 

ld0

ld0
max

* FSE

Fh


                                                       (4)  

 

where E* represents the reduced Young's modulus of the deforming elastic 

cylinder at the bacterial cell surface, and S0 and h0 define the initial dimensions of 

the cylinder (Fig. 1b). 

Combining equations 2 and 4 yields 
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Poisson analysis of adhesion force  

Poisson analyses of bacterial adhesion forces were performed for each strain at 

each loading force, as described in the literature.23,27,34 The variance of the 

adhesion force 2
F  was plotted versus the mean of the adhesion force λF, and a 

linear regression was then performed (Fig. 2).  
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Figure 2. Example of Poisson analysis of adhesion forces: 2
F  as a function of λF, 

yielding a straight line according to equation 6, from which the single-bond short-

range force P
SRf  and the long-range force P

LRF  can be calculated. 

 

According to the following equation 

  

P
LR

P
SR

P
SR

2 Fff FF                                                    (6) 
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the slope of the line represents the magnitude of the short-range single bond P
SRf , 

and from the Y-axis intercept the value for P
LR

P
SR Ff   is obtained. 

 

 
Figure 3. The adhesion force Fadh as a function of the loading force Fld for two 
staphylococcal (S. epidermidis ATCC 35983 and S. epidermidis ATCC 35984) and 
two streptococcal (S. salivarius HB-7 and S. salivarius HB-C12) strains. Gray dash 
lines indicate extrapolation and error bars denote the standard deviations of Fadh 
values over at least 100 force curves (six bacteria divided over two different 
probes and taken from three different cultures). 
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RESULTS 

Relationship between adhesion forces and external loading forces  

The maximal adhesion forces Fadh for the different strains involved in this study 

are presented in Fig. 3 as a function of the applied loading force Fld. Good linear 

relationships were observed for three out of the four strains (R2 ≥ 0.84), with 

different slopes for the different strains. Importantly, the slime-producing 

staphylococcus strain and the fibrillated streptococcus strain have larger slopes 

than their non-slime-producing and bald counterparts, respectively. The adhesion 

force in the absence of an applied loading force F0 can be obtained by 

extrapolation, as the intercept of the gray dash line with the Y-axis in Fig. 3. All 

four strains are attracted to the glass surface with F0 values that hover between -1 

nN and -2 nN. 

Decoupling the short- and long-range contributions to the adhesion force by 
EDM  

In Fig. 3, Fadh appears to vary linearly with Fld, in line with equation 5, but with 

different slopes and F0 values for the various strains. In combination with the 

parameters (i.e. E* and S0) derived according to the our recently proposed elastic 

deformation model for the same strains,36 equation 5 can be solved for FLR and fSR. 

The long-range forces derived appear relatively independent of the strain involved 

and hover between -1 nN and -2 nN (Fig. 3).  

Since FLR was assumed invariable over various loading forces, the short-

range contribution to the total adhesion, FSR = Fadh - FLR, can be calculated for each 

Fld, separately (Fig. 4). Short-range force contributions increase along with the 

loading force Fld, and are stronger than the long-range contribution (except for the 

S. salivarius HB-C12). Between the two S. epidermidis strains, FSR values from S. 

epidermidis ATCC 35984, which produces more slime at its cell surface than its 

staphylococcal counterpart, are generally twice as high as the ones for S. 
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epidermidis ATCC 35983 despite different loadings, while within the two S. 

salivarius strains, the fibrillated S. salivarius HB-7 has short-range forces at least 

one order of magnitude higher than the bald S. salivarius HB-C12, over external 

loadings ranging between 1 nN and 9 nN. 

 

 
Figure 4. The magnitudes of the long-range (white) and short-range (emerald) 
adhesion forces revealed by both Poisson analysis (blank) and the elastic 
deformation model (hatched) for two staphylococci and two streptococci at 
different external loading forces. Error bars indicate the standard errors from the 
linear regression analyses over at least 7 spots.  

 

Decoupling the short- and long-range contributions to the adhesion force by 
Poisson analysis  

In Fig. 4, P
SRF  and P

LRF  for four bacterial strains, in two pairs, were presented at 

various loading forces ranging from 1 nN to 9 nN. The long-range forces derived 

are mostly attractive, and not stronger than 1 nN. Except for S. epidermidis ATCC 
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35983, the long-range forces P
LRF  tend to increase with increasing loading forces. 

The short-range force, P
SRF , is always attractive, and, for three out of four strains 

(with the exception of S. salivarius HB-C12), increases along with the loading Fld.  

Between the two S. epidermidis strains, the slime-producing S. 

epidermidis ATCC 35984 always produces significantly larger short-range forces at 

various loadings, compared to the non-slime-producer S. epidermidis ATCC 35983. 

Within the pair of S. salivarius strains, S. salivarius HB-7 with fibrils at its cell 

surface has short-range forces ranging from -1 nN up to -3 nN, while the bald S. 

salivarius HB-C12 always shows short-range forces less than -1 nN, despite various 

loadings. 

 

DISCUSSION 

We propose a new method to evaluate the short- and long-range contributions to 

bacterial adhesion forces measured by AFM. The method is based on a recently 

proposed elastic deformation model describing the deformation of an assumed 

cylindrical contact volume of unspecified volume under external loading.36  

Equation 5 presents a linear relationship between the applied loading 

force Fld and the measured adhesion force Fadh. The existence of a positive 

correlation between these two variables was expected, since Li et al.35 reported 

that the separation energy between a colloidal probe and a bacteria-coated glass 

slide increases with the loading force. One year later, Xu et al.37 observed that the 

maximum retraction force of a colloidal probe increased with applied loading 

force at biopolymer-coated surfaces. However, a linear relation between  

adhesion forces and external loading force has, to our knowledge, never been 

reported for bacterial probes and, more importantly, never been explained in 

terms of the elastic deformation of the bacterial cell surface. A linear relation 
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between adhesion forces and external loading force, is well met for three out of 

the four strains and somewhat less for the bald S. salivarius HB-C12 strain. 

Although such mutant strains are not naturally occurring, they were included in 

this study in order to be able to relate the resulting data to structural 

characteristics of the bacterial cell surfaces.  

Both our proposed method and the established Poisson analysis, allow to 

decouple the short- and long-range contributions to the adhesion force, based on 

AFM data. For the four strains included in this study, both methods report 

attractive long-range forces in most cases. However, the long-range forces 

evaluated from EDM are significantly larger than the results from Poisson analyses. 

Despite various assumptions involved in EDM and Poisson analyses, they 

both report significantly higher short-range forces for the slime-producing S. 

epidermidis ATCC 35984 and the fibrillated S. salivarius HB-7, compared to S. 

epidermidis ATCC 35983 and the bald S. salivarius HB-C12 strain, respectively. As 

widely discussed in the literature, surface structures play important roles in 

determining the adhesive properties of bacterial cell surfaces and consequently, 

affect their behavior at substratum surfaces.10,38,39 Our findings further suggest 

that the existence of extracellular features (e.g. slime, fibrils) impacts mainly the 

short-range contribution to the total bacterial adhesion force, as they may 

provide extra contact area between a bacterial cell and a substratum surface at 

close approach.10,36,38     

 

CONCLUSION 

We propose a new method, based on a previously proposed EDM, to reveal the 

nature of bacterial adhesion forces to substratum surfaces. Similar to the 

established Poisson analysis of bacterial adhesion forces, it allows to analyze the 

short- and long-range contributions to bacterial adhesion forces. For two 
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staphyloccocal and two streptococcal strains, both methods report similar results 

and suggest that the existence of extracellular features affects bacterial adhesion 

mainly by impacting short-range forces.  
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Chapter 6 

Nano-scale Cell Wall Deformation Impacts Long-range Bacterial 

Adhesion Forces to Surfaces 

 

 

 

 

 

 

 

 

 

 

 

 

(reproduced with permission of American Society for Microbiology from Chen, Y.;  

Harapanahalli, A. K.; Busscher, H. J.; Norde, W.; Van der Mei, H. C. Nano-scale cell 

wall deformation impacts long-range bacterial adhesion forces to surfaces. Appl. 

Environ. Microbiol. 2013, doi:10.1128/AEM.02745-13)   
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ABSTRACT 

Adhesion of bacteria occurs on virtually all natural and synthetic surfaces, and is 

crucial for their survival. Once adhering, bacteria start growing and form a biofilm, 

in which they are protected against environmental attacks. Bacterial adhesion to 

surfaces is mediated by a combination of different short- and long-range forces. 

Here we present a new, atomic force microscopy (AFM)-based method to derive 

long-range bacterial adhesion forces from the dependence of bacterial adhesion 

forces on the loading force, as applied during using AFM. Long-range adhesion 

forces of wild-type Staphylococcus aureus parent strains (0.5 and 0.8 nN) 

amounted to only one third of these forces measured for their, more deformable 

isogenic Δpbp4 mutants that are deficient in peptidoglycan cross-linking. 

Measured long-range Lifshitz-Van der Waals adhesion forces matched those 

calculated from published Hamaker constants, provided a 40% ellipsoidal 

deformation of the bacterial cell wall was assumed for the Δpbp4 mutants. Direct 

imaging of adhering staphylococci using the AFM PeakForce-QNM mode 

confirmed height reduction due to deformation in the Δpbp4 mutants by 100 – 

200 nm. Across naturally occurring bacterial strains, long-range forces do not vary 

to the extent as observed here for the Δpbp4 mutants. Importantly however, 

extrapolating from the results of this study it can be concluded that long-range 

bacterial adhesion forces are not only determined by the composition and 

structure of the bacterial cell surface, but also by a hitherto neglected, small 

deformation of the bacterial cell wall, facilitating an increase in contact area and 

therewith in adhesion force. 
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INTRODUCTION 

Bacteria adhere to virtually all natural and synthetic surfaces,1,2 as adhesion is 

crucial for their survival. Bacterial adhesion to surfaces is followed by their growth 

and constitutes the first step in the formation of a biofilm, in which organisms are 

protected against antimicrobial treatment and environmental attacks. Accordingly, 

the biofilm mode of growth is highly persistent and biofilms are notoriously hard 

to remove, causing major problems in many industrial and bio-medical 

applications with high associated costs. On the other hand, biofilms can be 

beneficial too, as in bio-remediation of soil, for instance. Surface thermodynamics 

and (extended) DLVO approaches have been amply applied in current 

microbiology to outline that bacterial adhesion to surfaces is mediated by an 

interplay of different fundamental physico-chemical interactions, including 

Lifshitz-Van der Waals, electric double layer, and acid-base forces.3–5 Assorted 

according to their different "effective" ranges, these different fundamental 

interactions can be alternatively categorized into two groups: short-range and 

long-range forces6 that act over distances of a few nm up to tens of nm, 

respectively.  

Long-range adhesion forces are generally associated with Lifshitz-Van der 

Waals forces and can be theoretically calculated7 for the configuration of a sphere 

with radius R0 versus a flat surface (Fig. 1) using  
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in which A is the Hamaker constant,8 z is distance and D indicates the separation 

distance between the sphere and the substratum surface. The Hamaker constant 

in equation 1 accounts for the materials properties of the interacting surfaces and 
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the medium across which the force is operative. Since long-range adhesion forces 

result from the summation of all pair-wise molecular interaction forces in the 

interacting volumes, any deformation that brings a bacterial cell surface closer to 

a substratum surface and extending over a larger contact area, will increase the 

long-range adhesion force (see Fig. 1).  

 

 

Figure 1. Pair-wise summation of long-range, Lifshitz-Van der Waals molecular 
interaction forces in the bacterial cell and substratum yields the long-range 
adhesion force between the interacting surfaces. Deformation of the bacterial cell 
wall brings more molecules in the bacterium in the close vicinity of the 
substratum, which increases the adhesion force. In this schematics, the 
undeformed bacterial cell is taken as a sphere with radius R0, deforming under the 
influence of the adhesion forces into an oblate spheroid with a polar radius r and 
an equatorial radius R. D indicates the separation distance. 

 

So far, this aspect of long-range adhesion forces between bacteria and substratum 

surfaces has been largely neglected, because deformation due to adhesion forces 
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is small for naturally occurring bacteria, possessing a rigid, well-structured 

peptidoglycan layer. Nevertheless, it has recently been pointed out, that even 

small deformations can have a considerable impact on the metabolic activity of 

adhering bacteria, a phenomenon for which the term “stress-deactivation” has 

been coined.9 Thus, despite their small numerical values, minor variation in long-

range adhesion forces may still strongly affect the behavior of bacterial cells at 

substratum surfaces.    

In this paper we propose a method to derive long-range adhesion forces 

between bacteria and substratum surfaces, based on a previously published 

elastic deformation model.10 Through the use of two isogenic Δpbp4 mutants and 

their wild-type, parent strains (Staphylococcus aureus NCTC 8325-4 and ATCC 

12600), long-range adhesion forces could be related with the nano-scale 

deformability of the cell wall. Note that so-called Δpbp4 mutants are deficient in 

penicillin-binding-proteins that play an important role in cross-linking 

peptidoglycan strands and are therefore more susceptible to deformation than 

their parent strains,11 for which reason they are ideal to demonstrate the role of 

deformation in long-range adhesion forces between bacteria and substratum 

surfaces. 

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions 

Two pairs of staphylococcal strains were included in this study. Each pair 

comprised a wild-type, parent strain and a so-called Δpbp4 mutant, deficient in 

penicillin-binding-proteins that play an important role in cross-linking 

peptidoglycan strands in the cell wall. The Δpbp4 mutant of S. aureus NCTC 8325-

4 was kindly provided by Dr. Mariana G. Pinho (Universidade Nova de Lisboa), 

while the Δpbp4 mutant of S. aureus ATCC 12600 was an own construct, prepared 
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as described by Atilano et al.12 Briefly, the strain was inoculated with the pMAD-

pbp4 plasmid by electroporation and grown on Tryptone Soya Agar (TSA, OXOID, 

Basingstoke, England) plates containing erythromycin (SIGMA-ALDRICH, St. Louis, 

Missouri, USA) and X-Gal (SIGMA-ALDRICH) for 48 h at 30°C. To obtain bacteria 

with a chromosomally integrated copy of pMAD-pbp4, blue colonies were used to 

inoculate overnight cultures in Tryptone Soya Broth (TSB, OXOID) medium. Next, 

10 ml TSB was inoculated with 100 μl of an overnight culture, grown for 1 h at 

30°C, and then transferred to 42°C for 6 h. To select bacteria with a 

chromosomally integrated copy of pMAD-pbp4, dilutions (1000×) of the culture 

were plated on TSA plates with erythromycin and X-Gal and incubated for 48 h at 

42°C. To subsequently obtain bacteria that had excised pMAD-pbp4 from the 

chromosome, blue colonies with integrated pMAD-pbp4 were used to inoculate 

overnight cultures in TSB medium at 42°C. Next, 10 ml TSB was inoculated with 10 

μl of the overnight culture and growth was continued for 6 h at 30°C. Dilutions 

(1000×) of the cultures were plated on TSA plates with X-Gal and incubated at 

42°C for 48 h. White colonies were tested for erythromycin sensitivity and 

checked for the presence or absence of pbp4 by colony PCR. 

Staphylococci were pre-cultured from blood agar plates in 10 ml TSB. Pre-

cultures were grown for 24 h at 37°C. After 24 h, 0.5 ml of a pre-culture was 

transferred into 10 ml fresh medium and a main culture was grown for 16 h at 

37°C. Bacteria were harvested by centrifugation at 5000 × g for 5 min, washed 

twice with 10 mM potassium phosphate buffer, pH 7.0 and finally suspended in 

the same buffer. When bacterial aggregates were observed microscopically, 10 s 

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

Connecticut, USA) was carried out intermittently for three times, while cooling the 

suspension in a water/ice bath. Note that staphylococci are coccal organisms, 

possessing a nearly perfect spherical shape.13–15  
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Dynamic light scattering (DLS) 

In order to account for possible differences in the size of the Δpbp4 mutants with 

respect to their wild-type, parent strains, hydrodynamic radii R0 of the 

staphylococci were determined using DLS (Zetasizer Nano ZS, Malvern 

Instruments Ltd., United Kingdom) in 10 mM potassium phosphate buffer. For 

each strain, three separate cultures were included, and the measurements were 

repeated on three different aliquots from one culture.  

AFM force spectroscopy 

Glass slides (Gerhard Menzel GmbH, Braunschweig, Germany) were sonicated for 

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

sequentially rinsed with tap water, demineralized water, methanol, tap water, 

and demineralized water.  

Bacterial probes were prepared by immobilizing a bacterium to a NP-O10 

tipless cantilever (Bruker, Camarillo, California, USA). Cantilevers were first 

calibrated by the thermal tuning method and spring constants were always within 

the range given by the manufacturer (0.03 – 0.12 N/m). Next, a cantilever was 

mounted to the end of a micromanipulator and under microscopic observation, 

the tip of the cantilever was dipped into a droplet of 0.01% α-poly-L-lysine with 

MW 70,000-150,000 (SIGMA-ALDRICH) for 1 min to create a positively charged 

layer. After 2 min of air-drying, the tip of the cantilever was carefully dipped into a 

staphylococcal suspension droplet for 1 min to allow bacterial attachment 

through electrostatic attraction and dried in air for 2 min. Successful attachment 

of a staphylococcus on the cantilever follows directly from a comparison of the 

force-distance curves of a staphylococcal probe versus the one of a poly-L-lysine 

coated cantilever (see Fig. S1, Supplemental Material). Although this attachment 

protocol is standard in the measurement of adhesion forces using AFM,16 it is 

possible that the attachment procedure disturbs the structure of the weakened 
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mutant strains and therewith affects the results. However, bacterial probes 

produce similar force-distance curves, regardless of the different drying times for 

the wild-type, parent strains and the  Δpbp4 mutants (see Fig. S2, Supplemental 

Material). Thus it can be ruled out that the attachment protocol disturbs the 

structure of the Δpbp4 mutants, with their weakened cell walls. Bacterial probes 

were always used immediately after preparation.  

All force measurements were performed in 10 mM potassium phosphate 

buffer (pH 7.0) at room temperature on a BioScope Catalyst Atomic Force 

Microscope (AFM) (Bruker). In order to verify that a bacterial probe had a single 

contact with the substratum surface, a scanned image in the AFM contact mode 

with a loading force of 1 - 2 nN was made at the onset of each experiment and 

examined for double contour lines. Double contour lines indicate that the AFM 

image is not prepared from the contact of a single bacterium with the surface, but 

that multiple bacteria on the probe are in simultaneous contact with the 

substratum. Any probe exhibiting double contour lines was discarded. At this 

point it must be noted however, that images containing double contour lines 

seldom or never occurred, since it represents the unlikely situation that bacteria 

on the cantilever are equidistant to the substratum surface within the small range 

of the interaction forces. This is unlikely because the cantilever is contacting the 

substratum under an angle of 15 degrees. 

Adhesion forces between the bacterial cell and glass surface were 

measured at multiple, randomly chosen spots. Before actual measurements, five 

force-distance curves of a bacterial probe toward a clean glass surface were 

measured at a loading force of 3 nN and the maximal adhesion force upon retract 

recorded. Next, the maximal adhesion forces were measured at loading forces of 

1, 3, 5, 7, and 9 nN, separately. For each loading force, at least 20 force-distance 

curves were recorded (Fig. S3, Supplemental Material for replicate measurements 
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with one probe) and, after this series, the maximal adhesion force under the 

loading force of 3 nN was always measured again. Whenever this force differed 

more than 1 nN from the initially measured value, the bacterial probe was 

regarded damaged and replaced by a new one. Measurements for each strain at a 

single loading force typically include six bacteria and two probes, with bacteria 

taken out of three separate cultures. 

Derivation of the long-range contribution to the total adhesion force 

The long-range force FLR between a bacterium and the substratum arises from 

pair-wise attractive Lifshitz-Van der Waals forces between all molecules in the 

interacting bodies (see Fig. 1), and decays slowly with increasing distance 

between a bacterium and substratum surface. Therefore, as long as the bacterial 

cell surface is in contact with the substratum surface, FLR can be approximated as 

a constant, while the short-range force FSR can be assumed to be proportional to 

the contact area S. Hence, 

 

SfFFFF SRLRSRLRadh                              (2) 

 

where fSR is the short-range force per unit contact area. Based on a previously 

proposed elastic deformation model,10 Fadh can be expressed as 
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Figure 2. The adhesion force Fadh as a function of the loading force Fld applied 
during AFM measurements for two wild-type S. aureus strains (NCTC 8325-4 and 
ATCC 12600) and their isogenic Δpbp4 mutants. Error bars denote the standard 
deviations over at least 100 force curves (six bacteria divided over two different 
probes and taken from three separate cultures). 
 

Equation 3 indicates a linear relationship between Fadh and the loading force Fld 

(Fig. 2), while fSR, the reduced Young's modulus E* and the initial contact area S0 

are readily determined from our elastic deformation model.10 By fitting Fadh versus 
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Fld according to equation 3, the value of FLR can be resolved immediately from the 

intercept F0 by 

  

0SR0LR SfFF                     (4) 

 

Theoretical evaluation of the cell wall deformation from a comparison of 
Lifshitz-Van der Waals forces between a sphere and an ellipsoid 

The Lifshitz-Van der Waals force s
LWF  between a sphere and a substratum surface 

can be expressed as 

 

2
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LW 6D
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where R0 is the radius of the undeformed sphere and D the separation distance 

between the sphere and the substratum surface (see also Fig. 1).7,17 Assuming that 

adhering coccal bacteria deform to an ellipsoid, with a shorter polar axis, and a 

circular equatorial plane, its Lifshitz-Van der Waals force e
LWF  can be calculated 

from 
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where R and r represent the lengths of the equatorial and polar radii, respectively. 

When the bacterial cell volume remains constant during the deformation,  
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Insertion of  equation 7 into equation 6 leads to  
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The Hamaker constant of isogenic mutants can be considered similar to the one of 

their parent strains, and, possibly, invariant with bacterial strains involved.18,19 

Hence, dividing equation 8 as applied to the Δpbp4 mutant by equation 5, as 

applied to the parent strain, yields the ratio k of the Lifshitz-Van der Waals forces 

between an ellipsoidally deformed Δpbp4 bacterium and a undeformed, spherical 

bacterium of the parent strain: 
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where P
0R  and M

0R  represent the hydrodynamic radii of the undeformed bacteria 

for the parent strain and its isogenic Δpbp4 mutant strain, respectively. Equation 9, 

at close approach (D « P
0R , r),20  simplifies into  

 

2P
0

3M
0 )(

rR

R
k           (10) 

 

The ratio k can be readily determined from the Lifshitz-Van der Waals adhesion 

forces of the parent strains and their isogenic Δpbp4 mutants, as summarized in 

Table 1.  
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Table 1. Pairwise comparison of the hydrodynamic radii R0 of planktonic 
staphylococci, the long-range adhesion forces FLR, and the dimensions of the 
ellipsoidally deformed bacterial cells from matching experimental and 
theoretically calculated Lifshitz-Van der Waals forces (rLW and RLW), for the two 
wild-type S. aureus strains (NCTC 8325-4 and ATCC 12600) and their isogenic 
Δpbp4 mutants (for explanation of the dimensional parameters, see also Fig. 1). 
The deformation of the bacterial cell is expressed in terms of the difference 
between the hydrodynamic radius and the polar radius, i.e., (R0 - rLW) and (R0 - 
rHeight Image), in which rHeight Image is obtained from AFM imaging. Shaded blocks could 
not be calculated due to the assumption of undeformable wild-type strains. 

 

 Strain 

S. aureus NCTC 8325-4 S. aureus ATCC 12600 

Parent strain Δpbp4 Parent strain Δpbp4 

R0 (nm)a 618 ± 35 570 ± 38 678 ± 38 620 ± 33 

FLR (nN)b -0.8 ± 0.2 -2.7 ± 0.3 -0.5 ± 0.1 -1.6 ± 0.4 

kb 3 ± 1 3 ± 1 

rLW (nm)b  304 ± 97  327 ± 99 

RLW (nm)b  780 ± 202  854 ± 197 

R0 - rLW (nm)b  266 ± 135  293 ± 132 

 rHeight Image nm)c 638 ± 44 508 ± 40† 690 ± 31 583 ± 27† 

R0 – rHeight Image 

(nm)b 
 82 ± 78  49 ± 60 

a ± signs indicate standard deviations in hydrodynamic radii over nine aliquots 
taken from three separate bacterial cultures of each strain. 
b ± signs indicate standard deviations calculated by error propagation. 
c ± signs indicate standard deviations in the height of bacterial cells over at least 
60 staphylococci taken from three different cultures of each strain. 
† The polar radius rHeight Image determined in AFM PeakForce-QNM mode is 
significantly smaller than the hydrodynamic radius R0 measured by DLS, according 
to a one-sided Student's t-test (p < 0.05). 
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Subsequently, r can be calculated by 
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and substitution in equation 7 yields   
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Imaging of bacterial cell deformation using AFM in the PeakForce-QNM mode 

In order to directly image possible deformation of staphylococci adhering to a 

surface, AFM was applied in the so-called PeakForce-QNM mode, providing the 

possibility to obtain images while applying a minimal imaging force through the 

precise control of the force response.  SCNASYST-FLUID tips (Bruker) for use in the 

PeakForce-QNM mode were calibrated as described above for NP-O10 tipless 

cantilevers. The tip radius was estimated by scanning the calibration surface 

provided by the manufacturer and image-analysis with the NanoScope Analysis 

software (Bruker). First a droplet of 0.01% α-poly-L-lysine was spread on a clean 

glass slide and air-dried to create a positively charged surface.21 Next, a 200 µl 

droplet of a staphylococcal suspension was put on the slide. After 30 min, the 

suspension was washed off and immobilized bacteria within an area of 25 μm2 

were scanned in 10 mM potassium phosphate buffer (pH 7.0) using a previously 

calibrated tip in the PeakForce-QNM mode on the BioScope Catalyst AFM, at a 

scan rate of 0.5 Hz and PeakForce set-point of 1 nN. The images were analyzed 

using Gwyddion v2.30.22 The height of each individual bacterial cell was 

determined from the extracted height profile (see Fig. 3). For each strain, images 
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were taken of at least 60 different staphylococci, representing three separate 

cultures. 

 

RESULTS 

Hydrodynamic radii of planktonic staphylococci 

Hydrodynamic radii R0 of planktonic staphylococci are presented in Table 1. 

According to a one-sided Student’s t-test performed at a significance level of p < 

0.05, Δpbp4 mutants are slightly, but significantly smaller than their wild-type 

parent strains. Importantly, hydrodynamic radii of the strains were not affected 

by harvesting procedures, as demonstrated in Fig. S5a (Supplemental Material). 

Long-range contributions to bacterial adhesion forces and bacterial cell 
deformation 

In Fig. 2, the adhesion force Fadh is plotted versus the loading force Fld applied 

during AFM measurements, as derived from force-distance curves under different 

applied loading forces (see Fig. S4, Supplemental Material). Three out of four 

strains show good linear relationships (R2 > 0.9) despite variations in slope and 

intercept. However, for S. aureus NCTC 8325-4Δpbp4, the adhesion force appears 

to be independent of the loading force. Table 1 also summarizes the long-range 

contribution FLR to the adhesion force for the two parent strains and their isogenic 

Δpbp4 mutants. All strains show attractive long-range forces. Interestingly, the 

ratios k of these two forces for the parent strains and their respective isogenic 

mutant are very similar around 3 for both S. aureus NCTC 8325-4 and ATCC 12600. 

Since the space separating the bacterial cell from the glass substratum is filled 

with potassium phosphate buffer of relatively high ionic strength (10 mM), 

electric double layer interactions may be considered negligible,23,24 and the ratio k 

between the long-range forces for parent and mutant strain can be considered as 

the ratio between their Lifshitz-Van der Waals forces. This consideration allows 
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for calculating the change in the dimensions of the Δpbp4 staphylococcal mutants 

under the influence of attractive Lifshitz-Van der Waals forces. Measured long-

range Lifshitz-Van der Waals adhesion forces matched those calculated from 

published Hamaker constants,18,19 provided an ellipsoidal deformation of the 

bacterial wall was assumed for the Δpbp4 mutants from its original undeformed, 

spherical shape with a radius R0 (for details see equations 11 and 12). Accordingly, 

it can be calculated that the deformation of the Δpbp4 mutants R0 – rLW amounts 

to 266 nm and 293 nm for  S. aureus NCTC 8325-4 and ATCC 12600, respectively 

(see also Table 1) due to the built-in deficiency in their cell wall rigidity.  

Direct measurement of staphylococcal cell deformation 

Comparative, quantitative data do not exist for the deformation of Δpbp4 

mutants as compared to their parent strains. Although the above results from our 

elastic deformation model are intuitively reasonable, we also measured the 

deformation directly using the AFM in the PeakForce-QNM mode (Fig. 3). 

Importantly, the polar radii of the strains were not affected by harvesting 

procedures, as demonstrated in Fig. S5b (Supplemental Material). The height 

images and profiles of the respective wild-type, parent and mutant strains were 

expressed in terms of the polar radii rHeight Image and are also presented in Table 1. 

According to a two-sided Student's t-test performed at a significance level of p < 

0.05, the rHeight Image values of the wild-type, parent strains are not significantly 

different from their hydrodynamic radii R0 values.  
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Figure 3. Height images and profiles of individual staphylococci immobilized on a 
glass surface in the AFM PeakForce-QNM mode for two wild-type S. aureus strains 
(NCTC 8325-4 and ATCC 12600) and their isogenic Δpbp4 mutants. Five examples 
of height profiles are presented for each strain. The profiles plotted as solid lines 
are derived along the directions indicated by the dashed lines in the height images 
presented. 
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However, according to a one-sided Student's t-test performed at a significant level 

of p < 0.05, the rHeight Image values of both Δpbp4 mutants are significantly smaller 

than their hydrodynamic radii R0 values determined using DLS. These direct 

measurements confirm strong deformation of Δpbp4 mutants during adhesion to 

glass, although not to the extent as derived from our elastic deformation model.  

 

DISCUSSION  

Long-range, Lifshitz-Van der Waals adhesion forces between bacteria and 

substratum surfaces are of ubiquitous importance in facilitating adhesion of 

bacteria, since they cause attraction of bacteria from a large distance to a 

substratum surface while, they operate regardless of the details of the bacterial 

cell surface structure and composition. Moreover, in a long-range approach, 

surface appendages may be less important, as the concept of distance between 

bacteria and substratum surfaces is lost upon close approach. Long-range, Lifshitz-

Van der Waals adhesion forces can be derived from contact angles with liquids on 

the interacting surfaces and surface thermodynamic modeling25,26 or decoupling 

of AFM adhesion force measurements using Poisson analysis.27–30 However, long-

range adhesion forces vary considerably less among different strains than short-

range forces.27–30 Similarity in long-range adhesion forces is to be expected, 

because these forces arise from the entire bacterial cell, i.e. its DNA content, 

cytoplasm, cell membrane, peptidoglycan layer and outermost cell wall structures 

(see Fig. 1). Whereas the outermost cell wall structures may vary most across 

different strains, yet the overall composition of different bacterial strains is rather 

similar, which suggests that the variations observed hitherto in long-range 

adhesion forces may have other sources than differences in chemical composition. 

This is the first study to derive quantitative data on the nano-scale deformation of 

deformable Δpbp4 mutants and its relation with long-range adhesion forces 
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between these staphylococci and substratum surfaces. Long-range adhesion 

forces of the deformable mutants are three-fold stronger than of their rigid 

parent strains, which suggests that long-range, Lifshitz-Van der Waals forces 

between bacteria and substratum surfaces are strongly affected by the 

deformability of the bacterial cell wall. In this study, Staphylococcus aureus was 

used, since the undeformed bacterium is spherical and can be attached to the 

AFM cantilever without orientational preference. Evaluation of cell wall 

deformation based on the comparison of the Lifshitz-Van der Waals forces for 

other cell types, like rod-shaped organisms is possible, but this requires different 

equations to derive the theoretical values of the Lifshitz-Van der Waals force and 

moreover, precise control of the orientation of the organisms on the AFM 

cantilever.  

An impact of bacterial cell wall deformation on long-range adhesion 

forces is new, as it is extremely difficult to reveal by other methods. Contact angle 

measurements with liquids on bacterial lawns for instance, most likely yield 

information on undeformed cell wall of the bacteria with the outer surface 

structures collapsed in a partly dehydrated state. Force values derived from 

combining contact angles on solid substrata and bacterial lawns using 

thermodynamic modeling therefore do not include an influence of deformation as 

a result of adhesion to a substratum surface. This implies that studies aimed to 

reveal an impact of deformation on long-range adhesion forces should one way or 

another include cell wall deformation combined with an appropriate method. At 

this point it should be admitted, that even in the current study using our 

previously published elastic deformation model,10 we conclude that bacteria 

slightly deform under the influence of adhesion forces from an extrapolation of 

results obtained for highly deformable Δpbp4 staphylococcal mutants to the 

situation as valid for rigid organisms.  
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Deformation of Δpbp4 staphylococcal mutants has never been quantified 

before, and hence we have no independent comparative data. Based on the 

ellipsoidal deformation (see Fig. 1), over forty percent deformation along the 

polar axis occurred for the Δpbp4 mutants under a loading as high as 9 nN, using 

the assumption that the wild-type parent strains remained spherical under the 

same load. When directly imaging bacteria immobilized at the poly-L-lysine-

coated glass slide, as mediated by attractive electrostatic interactions,16 the polar 

radii rHeight Image of the Δpbp4 mutants are smaller than their hydrodynamic radii R0, 

but the differences appeared much smaller compared to the deformation 

obtained from our elastic deformation model (compare  R0 – rHeight Image with R0 – 

rLW in Table 1). However, in AFM force spectroscopy the loading force also 

contributes to the deformation of the bacterial cell wall. In the AFM PeakForce-

QNM mode, the loading force hardly deforms immobilized bacteria and the cell 

wall deforms only under the influence of the adhesion force between the 

bacterium and the substratum surface. This difference in origin of external loads 

likely explains why the deformation calculated from matching measured and 

theoretically calculated Lifshitz-Van der Waals forces is larger than directly 

measured using the AFM in the PeakForce-QNM mode. Although quantitatively 

deviating, results from our elastic deformation model and AFM, support that 

Δpbp4 mutants are mechanically "softer" than their parent strains and deform 

significantly under loading, which is consistent with the lack of cross-linked 

peptidoglycan strands in their cell wall.11,12 At a first glance, from the 

independence of the adhesion force Fadh on the applied loading Fld, this may not 

seem true for S. aureus NCTC 8325-4Δpbp4 (Fig. 2). However, this particular 

mutant readily reaches a strong adhesion force at low loading forces, which may 

be indicative of deformation over the entire range of loading forces applied, i.e. it 

may possess an extremely soft peptidoglycan layer. 



Cell Wall Deformation and Long-range Adhesion Forces 

115 

 

Due to the lack of sufficiently sensitive techniques, like the AFM 

PeakForce-QNM, it has hitherto been assumed that naturally occurring bacterial 

strains, including the parent strains of our isogenic mutants, do not deform during 

adhesion. Recent observations emphasize that de-activation of bacterial 

metabolism differs when bacteria adhere to different substrata.9,31 Assuming 

stress-deactivation is related to cell deformation, it is inferred that naturally 

occurring bacteria suffer small, nano-scale deformation upon adhesion, causing 

stress-deactivation9,32 and cell death as a fatal result when adhesion forces and 

accompanying deformation become too large.33–35 Yet, these studies do not 

provide direct evidence of bacterial cell wall deformation upon adhesion. Based 

on the results of this study, it can be concluded that minor differences in long-

range Lifshitz-Van der Waals forces may be considered indicative of potential 

bacterial cell wall deformation. 

Summarizing, differences in long-range Lifshitz-Van der Waals forces 

between adhering bacteria and substratum surfaces need not only be due to 

variation in composition and structure of the bacterial cell surface, but can also be 

caused by nano-scale deformation of the bacterial cell wall, facilitating an increase 

in contact area and therewith in adhesion force. Bacterial cell wall deformation 

has never been accounted for in bacterial adhesion studies and therewith the 

current paper paves the way for a better understanding of poorly understood 

phenomena like bacterial “stress-deactivation” upon strong adhesion of micron-

sized bacteria to a substratum surface.  
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SUPPLEMENTAL MATERIAL 

Control experiments to demonstrate effective bacterial probe preparation 

Effective attachment of a staphylococcus on a poly-L-lysine coated cantilever was 

demonstrated by comparing force-distance curves between a staphylococcal 

probe and a poly-L-lysine coated cantilever versus a glass surface (see Fig. S1). 

 

 

Figure S1. Examples of force-distance curves recorded for a poly-L-lysine coated 
cantilever (a) and a staphylococcal probe (S. aureus NCTC 8325-4) (b) on a glass 
surface taken in 10 mM potassium phosphate buffer (pH 7.0) under a maximal 
loading force of 3 nN. Note that the X-axes have different scales. 

 

The poly-L-lysine coated cantilever adheres weakly to the glass surface with a 

single, narrow, adhesion force in the retract curve, while the staphylococcal probe 

shows a stronger adhesion force with multiple peaks upon retract. 

A second control involves the possible disturbance of the bacterial cell 

wall upon air-drying the staphylococci to the cantilever, which might be especially 

important for the Δpbp4 mutants with their weakened cell wall. In Fig. S2, it can 

be seen that drying times up to 3 min do not systematically affect the force-

distance curves, neither of the wild-type, parent strains nor of the Δpbp4 mutants 
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within the reproducibility of the experiments. In neither case do the force-

distance curves resemble those of a cantilever without bacteria. 

 

 

Figure S2. Retract force-distance curves for staphylococcal probes prepared of S. 
aureus NCTC 8325-4 (a), S. aureus NCTC 8325-4 Δpbp4 (b), S. aureus ATCC 12600 

(c) and S. aureus ATCC 12600Δpbp4 (d) after different drying times. Note that 
panel b has a different X-axis scale than the other three panels. 

 

Replicate force-distance curves for a staphylococcal probe and influence of the 
loading force 

Force-distance curves between staphylococci and glass surfaces were generally 

reproducible (see Fig. S3), showing clear effects of the loading force (see Fig. S4). 
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Figure S3. Five replicates of retract force-distance curves recorded for a bacterial 
probe of S. aureus NCTC 8325-4 under a loading force of 3 nN at a same spot on a 
glass surface in 10 mM potassium phosphate buffer (pH 7.0). Different symbols 
represent five different replicates. 

 

 
Figure S4. Retract force-distance curves for a bacterial probe of S. aureus NCTC 
8325-4 on a glass surface under loading forces Fld of 1, 3, 5, 7 and 9 nN in 10 mM 
potassium phosphate buffer (pH 7.0). 

 



Cell Wall Deformation and Long-range Adhesion Forces 

123 

 

Influence of centrifugation and sonication on the hydrodynamic radii of 
planktonic staphylococci 

In order to verify whether centrifugation and sonication affected the 

hydrodynamic radii of the staphylococci in their planktonic state, three additional 

harvesting protocols were applied other than the standard protocol described in 

the Materials and Methods section. Their hydrodynamic radii R0 and polar radii 

rHeight Image were determined using DLS and AFM PeakForce-QNM mode, 

respectively: 

 PROTOCOL 1: staphylococci were harvested by a single centrifugation at 5000 

× g for 5 min and directly suspended in 10 mM potassium phosphate buffer. 

 PROTOCOL 2: 10 s sonication at 30 W was carried out intermittently for three 

times for bacteria harvested using Protocol 1, while cooling the suspension in 

a water/ice bath. 

 PROTOCOL 3: the bacteria were harvested and suspended as described in the 

standard protocol, but no sonication was conducted afterwards. 

Fig. S5 summarizes the hydrodynamic radii R0 (Fig. S5a) the polar radii rHeight Image 

(Fig. S5b) of bacterial cells prepared by different protocols. Two-sided, one-way 

ANOVA indicated no significant differences in polar radii of staphylococci 

harvested according to different protocols (p > 0.05). 
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Figure S5. Hydrodynamic radii R0 measured by DLS (a) and polar radii rHeight Image 
determined using AFM imaging (b) for staphylococci harvested according to 
different protocols. Error bars in panel a denote the standard deviations over nine 
aliquots taken from three separate bacterial cultures of each strain, and error bars 
in panel b denote the standard deviations over at least 60 staphylococci taken 
from three separate bacterial cultures of each strain. 
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ABSTRACT 

Here we report on the viscous nature of the bond between adhering bacteria and 

a substratum surface. A tailor-made script was written for an atomic force 

microscope, that enabled a constant loading force of 1 nN or 5 nN to act for 30 s 

upon a bacterium wrenched between a cantilever and a glass surface, while 

measuring its deformation. Time-dependent deformation was fitted to a one 

element Kelvin-Voigt analogue of the bond to yield a characteristic relaxation time 

and viscosity of the bond. Viscosities of streptococcal bonds were smaller (< 20 

kPa∙s) than of staphylococcal bonds (> 31 kPa∙s). Since staphylococci are relatively 

rich in extracellular polymeric substances, it can be concluded that the presence 

of extracellular polymeric substances yields the major contribution to a viscous 

response. The viscous nature of the bond between adhering bacteria and 

substratum surfaces provides the bacteria with more time to respond and protect 

themselves against external stresses. 
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Bacteria adhere to virtually all natural and man-made surfaces. Bacteria adhering 

to substratum surfaces rapidly develop into “biofilms”, that consist of an initial 

layer of so-called “linking film” bacteria, adhering directly to a substratum surface, 

and bacteria adhering to each other (“aggregates”). In a biofilm mode of growth, 

bacteria embed themselves in a matrix of self-produced extracellular polymeric 

substances (EPS). Detachment of bacterial biofilms from substratum surfaces is a 

visco-elastic process1,2 and stress-relaxation analysis of deformed biofilms of 

different strains and species have identified the individual EPS components 

responsible for the visco-elastic properties of biofilms. However, it is likely that 

the visco-elastic properties of a biofilm not only depend on the composition of its 

EPS matrix, but also on the visco-elasticity of the bond between bacteria in 

aggregates and between bacteria and a substratum surface.3  

The use of atomic force microscopy (AFM) has extended far beyond being 

an imaging technique and AFM is frequently employed to determine the strength 

of ligand-receptor binding at the single molecule level, or the adhesion force 

between bacteria and a substratum surface. In most experiments involving 

bacteria, adhesion forces are measured between the AFM tip and a bacterial cell 

surface, which has as a major advantage that forces can be measured at specific 

locations of interest on the bacterial cell surface. As a drawback, the small contact 

area between the tip and the bacterial cell surface produces a large, highly 

localized pressure, under which the tip can penetrate the surface and potentially 

damage the cell wall. This drawback can be avoided by using bacterial probes 

instead of AFM tips, i.e. an entire bacterium fixed to a tipless cantilever. Using 

bacterial probes, adhesion forces between bacteria as well as between bacteria 

and different substratum surfaces have been studied.4–6 Measurements of 

adhesion forces are mostly done in retract force-distance curves, after application 

of a specified loading force and retracting the tip or bacterial probe at a specified 
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speed.7-10 However, such measurements neglect the visco-elastic nature of the 

bond. 

Visco-elasticity can be described using analogues consisting of a 

combination of springs and dashpots, where the spring represents the elastic 

component and the dashpot the viscous one.11 For instance, the Maxwell model, 

represented by a spring and a dashpot in series, provides a good model for stress-

relaxation at constant strain (“deformation”), while the Kelvin-Voigt model, in 

which spring and dashpot are placed parallel to each other, is better fitted for 

creeping processes (“increasing strain at constant stress”). More complex visco-

elastic processes can be modeled by other combinations of springs and dashpots. 

The elastic nature of the bond between a bacterial cell surface and a 

substratum surface has recently been derived from the relation between 

deformation and applied external loading force in AFM, assuming that contact is 

established through a cylinder with constant volume. Reduced Young's moduli (8 - 

47 kPa) and dimensions of the contact cylinders obtained could be interpreted on 

the basis of the bacterial cell surface features and cell wall characteristics, i.e. 

surfaces that were more rigid (either because of fewer fibrillar surface 

appendages, possession of less EPS or a higher degree of cross-linking of the 

peptidoglycan layer) had shorter contact cylinders and higher reduced Young’s 

moduli.10 

The viscous nature of the bond between a bacterial cell surface and a 

substratum surface has never been investigated using AFM with a bacterial probe, 

because such experiments imply either measuring the distance between a 

bacterium and a substratum surface as a function of time at a constant loading 

force, or the force required to maintain a certain distance over time. The recent 

introduction of AFM, equipped with the possibility to write a tailor-made script for 

the control of either force or distance, enables to study the visco-elastic response 
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of bacteria, either to a fixed loading force or under a fixed deformation of a 

bacterium, wrenched between a substratum surface and a tipless AFM cantilever, 

therewith avoiding high, local pressures. 

 

 

Figure 1.  
Left: Bacterium upon initial contact with a glass surface in absence of an external 
loading force. The contact volume is represented by a cylinder with an initial area 
S0 and height h0.  
Right: Deformation of the cylindrical contact volume constituting the bond 
between a bacterium and a substratum surface under an external loading force Fld. 

 

The aim of this chapter is to determine the viscous nature of the bond 

between adhering bacteria and a substratum surface for six bacterial strains (see 

also Table 1) under two different loading forces that allow pair-wise comparisons 

to identify the effects on the viscous nature of the bond of  
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1) the density and length of fibrillar surface appendages (two isogenic 

Streptococcus salivarius strains),12,13  

2) slime production (two Staphylococcus epidermidis strains)14  and  

3) the degree of cross-linking in the peptidoglycan envelope (two isogenic 

Staphylococcus aureus strains)15 

Since scripting-mode AFM yields more precise control over force than 

deformation, we used a script measuring the time-dependent deformation Δd of a 

bacterium under a constant applied force (see Fig. 1) of 1 nN  or 5 nN over 30 s 

(Fig. 2a). As can be seen, deformation does not reach its final value immediately 

upon application of the force due to the viscous nature of the bond, but over a 

time-scale of 20 – 30 s (see Fig. 2b for an example). Importantly, repetitive 

measurements of the deformation of the bacterial cell surface under an applied 

force, yields highly reproducible results (Fig. 2c), attesting to the fact that the 

bacterial cell surface is not damaged by the measurements. 

Deformations as a function of time under loading forces of 1 nN and 5 nN 

have been measured for the six strains considered in this chapter and fitted to a 

Kelvin-Voigt element consisting of an elastic component with Young's modulus E 

and a dashpot with viscosity η (see Fig. 3a). Our previously published model to 

derive the Young’s modulus from the relation between deformation and applied 

loading force,10 not only yields a Young’s modulus but also the dimensions of an 

assumed cylindrical contact volume between an adhering bacterium and a 

substratum surface (see also Fig. 1). Since there is only a small (< 15%) 

deformation of the height of these contact cylinders under the small loading 

forces applied here, the change in the contact area of the cylinder is considered 

negligible.  
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Figure 2.  
(a) Example of the script employed to determine the time-dependent deformation 
of bacteria under an applied loading force Fld. 
(b) Deformation Δd for S. epidermidis ATCC 35984 as a function of time suspended 
in 10 mM potassium phosphate buffer (pH 7.0) for the script presented in Fig. 2a. 
The red line represents the best fit of the data to equation 6 (R2 = 0.98).  
(c) Repetitively measured staphylococcal cell surface deformation measured at t = 
30 s after initiating loading at 1 nN, Δd30s. For the example given, the average 
deformation amounts of 10 nm with a SD of 1 nm over 15 measurements at the 
same location.  



Chapter 7 

132 

 

Hence, constant loading force implies an approximately constant stress. according 

to 

 

 0ld / SF                                                                   (1) 

 

where σ is the applied stress, S0 is the area of the contact cylinder and Fld the 

applied loading force.10 Analogously, from the height of the contact cylinder h0 

and the deformation measured, the strain ε can be calculated 

 

0/ hd                                                                  (2) 

 

According to a one element Kelvin-Voigt model (Fig. 3a), the strain ε 

increases exponentially over time t under an applied stress σ according to (see Fig. 

3b) 
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                                                      (3) 

 

where 

 

Et *                                                         (4) 

E
 max                                                                  (5) 

 

and in which εmax represents the strain after infinite time.  
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Figure 3. 
(a) Schematic presentation of a Kelvin-Voigt element consisting of an elastic 
component with Young's modulus E and a dashpot with viscosity η. 
(b) Example of the time-dependent strain under a constant applied stress for a 
Kelvin-Voigt element.  

 

Table 1 summarizes the t* values of the six bacterial strains involved in 

this study, including values for a staphylococcal strain with a disrupted integrity of 

its EPS layer, under a constant load of 1 nN and 5 nN. 

The characteristic relaxation times t* vary between 1.4 s and 6.2 s and 

appeared only slightly impacted by the loading force, i.e. 1 nN or 5 nN. Major 

differences were seen, however, within the different pairs of strains. From a 

comparison of the characteristic relaxation times of S. epidermidis ATCC 35984 

with the ones of S. epidermidis ATCC 35983, it follows that the relative absence of 

EPS yields significantly (p < 0.05) shorter relaxation times. Furthermore, disrupting 

the EPS integrity in S. epidermidis ATCC 35984 caused a significant (p < 0.05) 

decrease in characteristic relaxation time under both loading forces.  
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Table 1. Structural features and visco-elastic properties of the different pairs of 
bacterial strains included in this study. ± signs indicate standard deviations in t* 
and η over 10 separate cultures, taking three bacteria out of each culture.  
 

Bacterial Strain Feature 
t* (s) 

E (kPa) 
η (kPa∙s) 

1 nN 5 nN 1 nN 5 nN 

S.
 e

p
id

er
m

id
is

 ATCC 35983 
Poor 

EPS producer 
1.4 ± 0.2 1.7 ± 0.1 22 ± 41) 31 ± 7 37 ± 7 

ATCC 35984 
Strong 

EPS producer 
5.8 ± 0.5 6.2 ± 0.3 8 ± 21) 47 ± 12 50 ± 13 

ATCC 35984 
with DNase I 

treatment 

Disrupted 
EPS integrity 

3.6 ± 0.1 2.6 ± 0.2 12 ± 22) 44 ± 7 31 ± 6 

S.
 a

u
re

u
s ATCC 12600 

EPS producer 
Wild-type 

1.6 ± 0.3 2.1 ± 0.4 24 ± 42) 39 ± 10 51 ± 13 

ATCC 
12600Δpbp4 

Deficient in 
peptidoglycan 
cross-linking 

4.4 ± 0.3 6.0 ± 0.8 11 ± 22) 48 ± 9 66 ± 15 

S.
 s

a
liv

a
ri

u
s HB-V51 

Sparse fibrils  
of 63 nm 

length 
1.8 ± 0.3 1.5 ± 0.3 11 ± 12) 20 ± 4 17 ± 4 

HB-7 
Dense fibrils  

of 91 nm 
length 

2.1 ± 0.1 2.3 ± 0.2 7 ± 11) 15 ± 2 16 ± 3 

1) Reduced Young’s moduli were calculated according to the elastic deformation 
model introduced before.10 
2) Reduced Young’s moduli were taken from previously published data obtained 
using the elastic deformation model introduced before.10 

 

Interestingly, S. aureus ATCC 12600 possesses significantly (p < 0.05) smaller 

relaxation times than its isogenic mutant, S. aureus ATCC 12600Δpbp4 deficient in 

peptidoglycan cross-linking. This suggests that the weakened peptidoglycan layer 

participates in deformation. From a comparison of the relaxation times of both 

streptococcal strains, it can be concluded that increasing fibrillar density and 

length yields slightly longer relaxation times.  

Young’s moduli of the different pairs of strains have been discussed 

before with the exception of DNase I treated S. epidermidis ATCC 35984 and the S. 
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aureus variants, indicated in Table 1,10 and, in  summary, the conclusions were 

that:  

 the presence of increasing amounts of EPS decreases the Young’s modulus 

within S. epidermidis,  

 deficiencies in peptidoglycan cross-linking within S. aureus decreases the 

Young’s modulus of the bacteria,  

 increasing density and length of fibrillar surface appendages on S. salivarius 

decreases the Young’s modulus.  

Viscosities η vary between 15 kPa∙s and 66 kPa∙s and appear not to be 

significantly impacted by the loading force applied, with the exception of the 

viscosities for DNase I treated S. epidermidis ATCC 35984 with its disrupted EPS 

layer and S. aureus ATCC 12600Δpbp4 with its weakened cell wall. Although 

differences exist within the viscosities for the staphylococcal strains included in 

this study, it is most striking that the two fibrillated streptococci show similar 

viscosities, that are significantly (one-sided, one-way ANOVA, p = 0.031) smaller (< 

20 kPa∙s) than of the staphylococcal strains (> 31 kPa∙s). Since staphylococci are 

relatively rich in EPS, it is inferred that EPS yields the major contribution to the 

viscous response. Interestingly, deforming either Gram-negative or Gram-positive 

bacteria16,17 with pyramid-shaped AFM tips or colloidal probes, under constant 

loading forces of 2 nN up to 10 nN, yielded viscosities in the order of 1000 kPa∙s, 

which is at least an order of magnitude higher than the values obtained here by 

wrenching whole bacteria between two surfaces (see Table 1). These high 

viscosities are likely due to the high, localized pressure on the cell wall resulting 

from the use of pyramid-shaped AFM tips or sub-micron colloidal probes,18 while 

in the present study the reported viscosities are restricted  to the bond between 

adhering bacteria and substratum surfaces. 
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It is instructive to compare the visco-elastic response of such single bonds 

with the one of full grown biofilms. Using dynamic rheometry,19 relaxation times 

of staphylococcal biofilms were found to vary between 17 s and 19 s,19 for both S. 

epidermidis and S. aureus biofilms. Maxwell analysis of the stress-relaxation of 

different biofilms after an induced compression indicated that the stress-

relaxation of biofilms can be described by three components, attributed to flow of 

water (characteristic relaxation times < 3 s), flow of matrix EPS through the 

biofilm (relaxation times 3 – 70 s) and re-arrangement of bacteria within a 

deformed biofilm (relaxation times > 70 s).20 Importantly, the relaxation times of 

the bond between bacteria and substratum surfaces found here (see Table 1) are 

much smaller than postulated for bacterial re-arrangements in a biofilm. In a 

biofilm however, bacteria are embedded in a matrix of EPS that is produced in 

addition to the cell-bound EPS involved in the bonds studied in this chapter. 

Matrix EPS clearly has a higher viscosity than the aqueous buffer in which we 

studied the visco-elastic response of bacterial bonds, which elongates the 

characteristic relaxation time. Moreover, in a biofilm, bacteria are surrounded by 

a large number of neighboring organisms and subject to multiple forces working 

in different and sometimes opposing directions, which constitutes a second 

mechanism through which relaxation times in a biofilm will be longer than of a 

single bond, experiencing only a single, uni-directional force.  

Bacterial adhesion to a substratum surface is accompanied by 

deformation of the bacterial cell surface6 and it has been recently suggested that 

adhesion-induced deformation of the bacterial cell surface triggers so-called 

stress-deactivation, which makes adhering bacteria more susceptible to 

antibiotics.6 The viscous nature of the bond between an adhering bacterium and a 

substratum surface slows down the impact of external stresses and may provide 

the bacterium with more time to respond and protect itself against such stresses. 
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MATERIALS AND METHODS 

Bacterial strains and culture conditions 

Staphylococci were pre-cultured from blood agar plates in 10 ml Tryptone Soya 

Broth (OXOID, Basingstoke, England), while streptococci were pre-cultured from 

blood agar plates in 10 ml Todd Hewitt Broth (OXOID). All pre-cultures were 

grown for 24 h at 37°C. After 24 h, 0.5 ml of a pre-culture was transferred into 10 

ml fresh medium and the main culture was grown for 16 h at 37°C. Bacteria were 

harvested by centrifugation at 5000×g for 5 min, washed twice with 10 mM 

potassium phosphate buffer, pH 7.0 and finally suspended in the same buffer. 

When bacterial aggregates or chains were observed microscopically, 10 s 

sonication at 30 Watt (Vibra Cell model 375, Sonics and Materials Inc., Danbury, 

Connecticut, USA) was carried out intermittently for three times, while the 

suspension was cooled in a water/ice bath.  

To disrupt the EPS integrity on the bacterial cell surface of S. epidermidis 

ATCC 35984, the bacterial suspension was diluted to a concentration of 3 × 108 

bacteria/ml with 10 mM potassium phosphate buffer (pH 7.0) and treated with 

DNase I (Thermo Scientific, Waltham, MA) at a concentration of 1 unit/µl in the 

presence of 2.5 mM MgCl2 for 45 min at 37°C and subsequently washed twice 

with the same buffer.21,22 Experiments have indicated that the harvesting 

procedure does not affect hydrodynamic radii and deformabilities of the bacterial 

cells.23 

AFM force spectroscopy 

Bacterial probes were prepared by immobilizing a bacterium to a NP-O10 tipless 

cantilever (Bruker, Camarillo, California, USA). Cantilevers were first calibrated by 

the thermal tuning method and spring constants were always within the range 

given by the manufacturer (0.03 - 0.12 N/m). Next, a cantilever was mounted to 

the end of a micromanipulator and, under microscopic observation, and the tip of 
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the cantilever was dipped into a droplet of 0.01% α-poly-L-lysine of  MW 70,000-

150,000 (SIGMA-ALDRICH, St. Louis, Missouri, USA) for 1 min to create a positively 

charged coating. After 2 min of air-drying, the tip of the cantilever was carefully 

dipped into a bacterial suspension droplet for 1 min to allow bacterial attachment 

through electrostatic attraction and dried in air for 2 min. Bacterial probes were 

always used immediately after preparation. Experiments have indicated that the 

attachment protocol does not disturb the surface structure of bacterial cells.23   

The AFM script 

All AFM measurements were performed in 10 mM potassium phosphate buffer 

(pH 7.0) at room temperature on a BioScope Catalyst AFM (Bruker). A bacterium 

was brought into contact with a glass microscope slide cleaned to a zero degrees 

water contact angle (Gerhard Menzel GmbH, Braunschweig, Germany) at a 

constant velocity of 100 nm/s. According to the script applied, a bacterium was 

kept wrenched between the cantilever and the glass surface under a constant 

loading force of 1 nN or 5 nN for 30 s by auto-adjustment of the instrument to 

maintain a constant loading force. The loading force Fld (Fig. 2a) and the 

displacement of the piezo transducer were recorded as a function of time t and 

the displacement of the transducer used to calculate the deformation of the 

bacterial cell surface, Δd (Fig. 2b). Measurements were repeated multiple times 

on the same spot to conclude whether the bacterial cell surface had suffered 

damage from the measurements by raising the piezo transduces above the cell 

surface to release the loading and allowing the bacterium to recover for 120 s (Fig. 

2c) before the next measurement.  
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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 
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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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Bacterial adhesion initiates the formation of biofilms, which often cause 

persistent contamination of surfaces in many diverse applications or infection 

associated with biomaterial implants or devices. Chapter 1 gives an overview of 

the mechanisms involved in bacterial sensing and responding to substratum 

surfaces. It is suggested that the bacterial cell wall deforms to different extents 

corresponding to the strength of the adhesion forces. Atomic force microscopy 

(AFM) has been extensively applied to assess bacterial adhesion forces, but it is 

still unclear how the bacterial cell wall deforms during adhesion, due to the 

complexity of monitoring and quantifying the degree of the deformation. In this 

thesis we have proposed different ways to determine bacterial adhesion forces to 

substratum surfaces and associated cell wall deformation and evaluated their role 

in bacterial susceptibility to antimicrobials, either in solution or when immobilized 

to a substratum surface. 

Bacterial adhesion to substratum surfaces on two different types of 

coatings, one composed of an anti-adhesive polymer brush-coating and one 

formed by a layer of immobilized quaternary ammonium compounds (QACs), was 

evaluated by adhesion force measurements using AFM, and adhesion forces were 

related to the susceptibility of adhering bacteria to antimicrobials and their 

survival upon adhesion, respectively. In the first part of Chapter 2, we 

demonstrate that nine strains of Staphylococcus aureus, Staphylococcus 

epidermidis and Pseudomonas aeruginosa adhered more weakly ((-0.05 ± 0.03) – 

(-0.51 ± 0.62) nN) to polymer brush-coated than to uncoated silicone rubber ((-

1.05 ± 0.46) – (-5.1 ± 1.3) nN). Although bacteria could still grow into a biofilm on 

the polymer brush coating, they remained in a planktonic state due to the weak 

adhesion forces, and therewith remained susceptible to gentamicin, unlike the 

case for antimicrobial resistant biofilms formed on uncoated silicone rubber. S. 

epidermidis showed lethally strong adhesion forces on hyperbranched QAC 
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coatings, as presented in the second part of this chapter. The extremely high 

adhesion forces found indicate that quaternary ammonium molecules on 

hyperbranched polyurea may partially envelope adhering bacteria upon contact. 

The results from both studies propose that the response of bacteria to their 

adhering state and accompanying susceptibility to antimicrobials is determined by 

the magnitude of the force through which the organisms adhere to a substratum 

surface. 

Although bacterial adhesion forces to a substratum surface can be directly 

measured using AFM, insight into the nature of the adhesion forces, i.e. the 

interplay between Lifshitz-Van der Waals (LW) and acid-base (AB) forces, requires 

further analysis. Chapter 3 reviews the statistics based Poisson analysis of the 

AFM measured adhesion forces and its underlying assumptions. By summarizing 

literature data for different combinations of bacterial strains and substrata, it was 

concluded that bacterial adhesion to surfaces is generally dominated by short-

range, attractive AB interactions, in combination with long-range, weaker LW 

forces, in line with surface thermodynamic analyses of bacterial adhesion. The 

derived strength of a single short-range bond fSR varied between -0.1 and -1.1 nN, 

and was orders of magnitude higher than the typical rupture forces of a hydrogen 

bond (~ 0.01 nN). This indicates that short-range bacterial adhesion forces are 

composed of multiple molecular forces at discrete adhesive sites on the bacterial 

cell surface, rather than single molecular forces. The adhesion force arising from 

these cell surface sites and the number of sites available may vary from strain to 

strain. In order to avoid the tedious task of identifying the minor peaks in the AFM 

retract-force distance curves involved in the Poisson analysis of bacterial adhesion 

forces, we suggested to carry out Poisson analysis on the work of adhesion, as 

derived from retract-force distance curves as well. Poisson analysis on the work of 

adhesion confirmed that the short-range bond involves a discrete adhesive 
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bacterial cell surface site, composed of multiple AB bonds, rather than a single 

molecular bond. 

Bacterial adhesion and detachment are closely related to the visco-elastic 

deformation of the contact volume between adhering bacteria and substratum 

surfaces. Deformation of the bacterial cell surface and associated changes in 

contact area in response to an applied external force are difficult to model and 

require knowledge of the visco-elasticity of the bacterial cell surface. Current 

elastic deformation models based on colloid science are unable to distinguish 

between the relatively soft outer bacterial cell surface and the hard-core of a 

bacterium, constituted by a cross-linked peptidoglycan layer. Therefore in Chapter 

4, we present a new, simple model to derive the reduced Young's modulus of the 

contact volume between adhering bacteria and substratum surfaces based on the 

relation between deformation and applied external loading force, measured using 

AFM. According to pairwise comparisons among six strains of Streptococcus 

salivarius, S. epidermidis and S. aureus, we were able to interpret the reduced 

Young's moduli E* ( 8 - 47 kPa) and the initial dimensions h0 (11 - 91 nm) of the 

contact cylinder on the basis of the cell surface features and cell wall 

characteristics, i.e. surfaces that were more rigid (either because of a lower 

degree of fibrillation, less extracellular polymeric substance (EPS) production or 

higher degree of cross-linking of the peptidoglycan layer) had shorter contact 

cylinders and higher reduced Young’s moduli. Application of an established Hertz 

model to our experimental data also yielded pairwise differences in reduced 

Young’s moduli, demonstrating differences in cell surface features and cell wall 

characteristics within each pair of strains, similar as our new, elastic deformation 

model. However, E* values derived from the Hertz model were up to 100 times 

higher for all strains investigated, likely pertaining for a major part to the bacterial 

hard-core; while our proposed model self-defines the dimensions of the contact 
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cylinder, and therefore accounts for the heterogeneous composition and visco-

elastic properties of bacteria. 

Based on the elastic deformation model introduced in the previous 

chapter, we propose an alternative method to decouple the short- and long-range 

contributions to the bacterial adhesion force in Chapter 5. In order to identify the 

effects of various bacterial cell surface structures on the adhesion force, four 

strains of S. epidermidis and S. salivarius were examined that allow pair-wise 

comparisons with respect to their surface features (i.e. the capability to produce 

slime and the existence of a fibrillated layer). The proposed method involves a 

linear relationship between the adhesion force and the applied loading force in 

AFM measurements, which was confirmed by experimental data for three out of 

four strains investigated, the only exception being the bald S. salivarius HB-C12 

strain. In line with Poisson analysis of adhesion forces, the long-range forces were 

attractive in most cases and their magnitudes were below 1 nN regardless of the 

loading force. Both methods reported significantly higher short-range forces for 

the slime-producing S. epidermidis ATCC 35984 and the fibrillated S. salivarius HB-

7 than for S. epidermidis ATCC 35983 and the bald S. salivarius HB-C12 strain, 

respectively. Our findings suggest that the existence of extracellular features 

affects bacterial adhesion mainly by impacting short-range forces. 

By applying this method to two S. aureus strains (NCTC 8325-4 and ATCC 

12600) and their isogenic Δpbp4 mutants, we demonstrate in Chapter 6 that the 

long-range adhesion forces of wild type, parent strains (0.5 and 0.8 nN) amounted 

to only one third of these forces measured for their, more deformable mutants 

(2.7 and 1.6 nN) that were deficient in peptidoglycan cross-linking. Whereas the 

outermost cell wall structures might vary most across different strains, yet the 

overall composition of different bacterial strains is rather similar, which suggests 

that the variations observed in long-range adhesion forces might have other 
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sources than differences in chemical composition. Measured long-range LW 

adhesion forces matched those calculated from published Hamaker constants, 

provided a 40% ellipsoidal deformation of the bacterial cell wall was assumed for 

the Δpbp4 mutants. We also measured the deformation directly using the AFM in 

the PeakForce-QNM mode, which confirmed height reduction due to deformation 

in the Δpbp4 mutants by 164 and 98 nm. The difference in origin of external loads 

in both methods likely explains why the deformation calculated from matching 

measured and theoretically calculated LW forces was larger than directly 

measured using the AFM in the PeakForce-QNM mode. Our results support that 

Δpbp4 mutants were mechanically "softer" than their parent strains and 

deformed significantly under loading, which is consistent with the lack of cross-

linked peptidoglycan strands in their cell wall.  More importantly, extrapolating 

from the results of this chapter, we reveal that a small, hitherto neglected 

deformation of the bacterial cell wall may occur upon bacterial adhesion to 

surfaces, and therewith pave the way for a better understanding of poorly 

understood phenomena like bacterial “stress-deactivation” upon strong adhesion 

of micron-sized bacteria to a substratum surface. 

As a sequel to Chapter 4 where we established a method to derive the 

elasticity of the contact volume of bacteria adhering to a substratum surface, 

Chapter 7 was devoted to the determination of the viscous nature of this bond for 

six strains under two different loading forces. Strains were chosen to allow pair-

wise comparisons to identify the effects of the density and length of fibrillar 

surface appendages in isogenic S. salivarius mutants, EPS in S. epidermidis strains 

and the degree of peptidoglycan cross-linking in two isogenic S. aureus mutants. 

To this end, a tailor-made script was written for an AFM, that enabled a constant 

loading force of 1 nN or 5 nN to act for 30 s upon a bacterium wrenched between 

a cantilever and a glass surface, while measuring its deformation. Time-dependent 
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deformation was fitted to a one element Kelvin-Voigt analogue of the bond to 

yield a characteristic relaxation time and viscosity of the bond. Within the pair of 

fibrillated streptococci, increasing fibrillar density and length yielded slightly 

longer relaxation times, but viscosities were similar. Within staphylococcal pairs, 

the presence of increasing amounts of EPS, or the deficiency in peptidoglycan 

cross-linking significantly increased the relaxation times, and yielded slightly larger 

viscosities. Viscosities of streptococcal bonds were smaller (< 20 kPa∙s) than of 

staphylococcal bonds (> 31 kPa∙s). Since staphylococci are relatively rich in EPS, 

while streptococci have mainly fibrillar appendages, it can be concluded that 

presence of EPS contributes more to a viscous response than fibrils. The viscous 

nature of the bond between an adhering bacterium and a substratum surface 

slows down the impact of external stresses and may provide the bacterium with 

more time to respond and protect itself against such stresses. 

A discussion on the assumptions underlying our analyses and models as 

presented in this thesis, together with challenges and future applications of the 

AFM study of bacterial adhesion forces is presented in Chapter 8. An attempt to 

combine AFM data with results using a quartz crystal microbalance with 

dissipation for investigating the bond between an adhering bacterium and a 

substratum surface is also briefly reviewed. Finally, the major conclusions of this 

thesis are summarized.   
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De hechting van bacteriën is de eerste stap in de vorming van een biofilm, wat vaak 

de oorzaak is van zeer persistente contaminatie van oppervlakken in veel 

verschillende toepassingen en van infecties geassocieerd met geïmplanteerde 

biomaterialen en apparaten. Hoofdstuk 1 geeft een overzicht van de mechanismen 

waarvan bacteriën gebruik maken bij het waarnemen van en reageren op 

substraatoppervlakken. Het wordt gesuggereerd dat de bacteriële celwand 

verschillende mate van vervorming vertoont afhankelijk van de grootte van de 

hechtingskrachten tussen een bacterie en het oppervlak. Atomaire kracht 

microscopie (AFM) is uitgebreid toegepast om de bacteriële hechtingskrachten te 

bepalen, maar de mate van vervorming van de celwand tijdens hechting is, dankzij 

de complexe manier van monitoren en kwantificeren die het meten hiervan vereist, 

nog niet duidelijk. In dit proefschrift hebben we verschillende manieren 

voorgesteld om de bacteriële hechtingskrachten op substraatoppervlakken en de 

daarmee geassocieerde vervorming van de celwand te meten, om vervolgens hun 

rol te bepalen bij de gevoeligheid van bacteriën voor antimicrobiële stoffen, zowel 

in oplossing als geïmmobiliseerd op een oppervlak. 

 Bacteriële hechting aan substraatoppervlakken met twee verschillende 

coatings, één bestaande uit een anti-hechting polymere borstel-coating en één 

bestaande uit een laag van geïmmobiliseerde quaternaire ammoniumverbindingen 

(QACs), werd geëvalueerd door het meten van hechtingskrachten met de AFM. De 

hechtingskrachten werden gerelateerd aan de gevoeligheid van hechtende 

bacteriën ten opzichte van antimicrobiële stoffen en hun overlevingskans na 

hechting. In het eerste deel van Hoofdstuk 2 laten we zien dat negen stammen van 

Staphylococcus aureus, Staphylococcus epidermidis en Pseudomonas aeruginosa 

minder sterk hechtten ((-0.05 ± 0.03) – (-0.51 ± 0.62) nN) aan siliconenrubber met 

een polymere borstel-coating dan aan onbehandeld siliconenrubber ((-1.05 ± 0.46) 

– (-5.1 ± 1.3) nN). Hoewel bacteriën op de polymere borstel-coating nog steeds 
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uitgroeiden tot een biofilm, bleven ze door de lage hechtingskrachten in de 

planktonische toestand en daardoor ook gevoelig voor gentamicine, in 

tegenstelling tot de biofilms die groeiden op onbehandeld siliconenrubber. Die 

biofilms waren resistent voor antimicrobiële stoffen. In het tweede deel van dit 

hoofdstuk wordt aangetoond dat S. epidermidis dermate sterke hechtingskrachten 

vertoonde op hyperbranched QAC coatings dat ze letaal waren. De extreem hoge 

hechtingskrachten geven aan dat quaternaire ammonium moleculen op 

hyperbranched polyurea wellicht de bacteriën gedeeltelijk omhullen zodra ze met 

elkaar in aanraking komen. De resultaten van deze studies stellen dat de reactie 

van bacteriën op de staat van hun hechting en de bijkomende gevoeligheid voor 

antimicrobiële stoffen bepaald wordt door de grootte van de kracht waarmee de 

organismen op een substraatoppervlak hechten. 

 Hoewel bacteriële hechtingskrachten aan een oppervlak direct gemeten 

kunnen worden met behulp van de AFM, is verdere analyse nodig om de rol van 

onderliggende componenten, zoals Lifshitz-Van der Waals (LW) en zuur-base (AB) 

krachten, te bepalen. Hoofdstuk 3 kijkt terug op de op statistiek gebaseerde 

Poisson-analyse van met de AFM gemeten hechtingskrachten en de onderliggende 

aannames. Door het samenvatten van data uit de literatuur voor verschillende 

combinaties van bacteriële stammen en substraatoppervlakken, is de conclusie 

getrokken dat bacteriële hechting op oppervlakken in het algemeen bepaald wordt 

door korte afstand, aantrekkende AB interacties, in combinatie met lange afstand, 

zwakkere LW krachten, in overeenstemming met thermodynamische analyse van 

bacteriële hechting. De afgeleide sterkte van een enkele korte afstand binding fSR 

varieerde tussen -0.1 en -1.1 nN en was ordes van grootte sterker dan de kracht die 

het kost om een waterstof binding te verbreken (~0.01 nN). Dit geeft aan dat korte 

afstand bacteriële hechtingskrachten bestaan uit meerdere moleculaire krachten 

op verschillende discrete hechtingssites op het oppervlak van bacteriën, in plaats 
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van een enkele moleculaire kracht. De hechtingskrachten die ontstaan op deze 

plekken op het celoppervlak en het aantal beschikbare plekken kunnen variëren 

van stam tot stam. Om de eentonige taak van het identificeren van alle kleine 

pieken in de AFM terugtrekkende kracht-afstand curves die betrokken zijn bij de 

Poisson-analyse van bacteriële hechtingskrachten te vermijden, suggereren we een 

Poisson-analyse uit te voeren op de arbeid van hechting, ook afgeleid van de 

terugtrekkende kracht-afstand curves. Poisson-analyse van de arbeid van hechting 

bevestigde dat de korte afstand binding overeenkomt met één hechtingssite op het 

bacterie-oppervlak, bestaande uit meerdere AB bindingen, in plaats van een enkele 

moleculaire binding. 

 Bacteriële hechting en het weer loslaten zijn nauw verbonden met de visco-

elastische vervorming van het contactvolume tussen de hechtende bacterie- en het 

substraatoppervlak. Vervorming van het bacteriële celoppervlak en de daarmee 

verbonden verandering in contactoppervlak als reactie op een externe kracht zijn 

moeilijk te modelleren en vereisen kennis van de visco-elasticiteit van het 

bacteriële celoppervlak. Huidige modellen over elastische deformatie gebaseerd op 

de kennis van colloïden zijn niet in staat om onderscheid te maken tussen de relatief 

zachte buitenkant van het bacteriële celoppervlak en de harde kern van een 

bacterie, bestaande uit een laag gecrosslinked peptidoglycan. Vandaar dat we in 

Hoofdstuk 4 een nieuw simpel model presenteren om de gereduceerde Young’s 

modulus van het contactvolume tussen hechtende bacteriën en 

substraatoppervlakken af te leiden, gebaseerd op de relatie tussen vervorming en 

toegepaste externe kracht, gemeten met de AFM. Volgens paarsgewijze 

vergelijkingen tussen zes stammen van Streptococcus salivarius, S. epidermidis en 

S. aureus waren we in staat om de gereduceerde Young’s moduli E* ( 8 - 47 kPa) en 

de initiële dimensies (hoogte 11 - 91 nm) van de contactcilinder te bepalen op basis 

van het celoppervlak en celwand eigenschappen, i.e., stijvere oppervlakken 
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(vanwege een lager aantal fibrillen, minder productie van extracellulaire polymere 

substanties (EPS) of meer crosslinks in de peptidoglycan laag) hadden kortere 

contactcilinders en hogere gereduceerde Young’s moduli. Het toepassen van een 

bewezen Hertz model op onze experimentele data gaf ook paarsgewijze verschillen 

in gereduceerde Young’s moduli, wat duidt op verschillen in celoppervlakte 

structuren en celwand eigenschappen binnen stammen, net als ons nieuwe, 

elastische vervormingsmodel. Echter, E* waarden afgeleid van het Hertz model 

waren tot 100 keer hoger voor alle onderzochte stammen, waarschijnlijk voor een 

groot deel veroorzaakt door de harde kern van bacteriën; terwijl ons model zelf de 

dimensies van de contactcilinder definieert en daarmee rekening houdt met de 

heterogene samenstelling en visco-elastische eigenschappen van bacteriën. 

 Gebaseerd op het elastische vervormingsmodel geïntroduceerd in het 

vorige hoofdstuk, stellen we in Hoofdstuk 5 een alternatieve methode voor om de 

korte- en lange afstand bijdragen aan de bacteriële hechtingskrachten te scheiden. 

Om het effect van verschillende bacteriële celoppervlakte structuren op de 

hechtingskrachten te identificeren, werden vier stammen van S. epidermidis en S. 

salivarius onderzocht die paarsgewijs vergeleken konden worden betreffende hun 

oppervlakte structuren (i.e. de slijmproductie en de aanwezigheid van een laag 

fibrillen). De voorgestelde methode bevat een lineaire relatie tussen de 

hechtingskracht en de toegepaste laadkracht in AFM metingen, wat bevestigd werd 

door experimentele data uit drie van de vier onderzochte stammen, met als enige 

uitzondering de kale S. salivarius HB-C12 stam. In lijn met Poisson-analyse van de 

hechtingskrachten waren de lange afstand krachten in de meeste gevallen 

attractief en hun grootte beneden de 1 nN, ongeacht de laadkracht. Beide 

methoden gaven significant hogere korte afstand krachten voor de slijm 

producerende S. epidermidis ATCC 35984 en de S. salivarius HB-7 mét fibrillen, 

vergeleken met S. epidermidis ATCC 35983 en de kale S. salivarius HB-C12. Onze 
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resultaten suggereren dat de aanwezigheid van extracellulaire structuren de 

hechting van bacteriën vooral beïnvloedt door middel van korte afstand krachten 

Door deze methode toe te passen op twee S. aureus stammen (NCTC 8325-

4 en ATCC 12600) en hun isogene Δpbp4 mutanten, laten we in Hoofdstuk 6 zien 

dat de lange afstand hechtingskrachten van het wild type (0.5 and 0.8 nN) slechts 

een derde waren van de gemeten krachten voor de meer vervormbare mutant (2.7 

and 1.6 nN), die geen peptidoglycan crosslinks heeft. Hoewel de buitenste celwand 

structuren kunnen variëren tussen verschillende stammen, is de algemene 

compositie van verschillende stammen redelijk gelijk, wat suggereert dat de 

variatie geobserveerd in lange afstand hechtingskrachten een andere oorsprong 

zou kunnen hebben dan verschillen in chemische compositie. Gemeten lange 

afstand LW hechtingskrachten, kwamen overeen met die berekend waren met 

behulp van gepubliceerde Hamaker constanten wanneer een elliptische 

vervorming van 40% werd aangenomen voor de Δpbp4 mutanten. We hebben ook 

de vervorming direct gemeten met behulp van de AFM in de PeakForce-QNM mode, 

wat de hoogte reductie door vervorming in de Δpbp4 mutanten bevestigde met 164 

en 98 nm. Het verschil in de oorsprong van de externe belastingen in beide 

methodes verklaart waarschijnlijk waarom de berekende vervorming van 

overeenkomende gemeten en theoretisch berekende LW krachten groter was dan 

gemeten met de AFM in de PeakForce-QNM mode. Onze resultaten ondersteunen 

dat Δpbp4 mutanten mechanisch gezien “zachter” waren dan hun moederstam en 

significant vervormden onder belasting, wat in overeenkomst is met het gebrek aan 

gecrosslinked peptidoglycan in hun celwand. Nog belangrijker, extrapolerend 

vanuit de resultaten van dit hoofdstuk, onthullen we dat een kleine, tot nu toe 

genegeerde vervorming van de bacteriële celwand misschien optreedt op het 

moment dat bacteriën hechten aan oppervlakken, en daarmee maken we een 

begin voor een beter begrip van slecht begrepen fenomenen zoals bacteriële 
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“stress de-activatie” bij sterke hechtingkrachten van bacteriën op een 

substrataatoppervlak. 

Als vervolg op Hoofdstuk 4 waar we een methode hebben vastgesteld om 

de elasticiteit van het contactvolume van een bacterie hechtend op een oppervlak 

te bepalen, is Hoofdstuk 7 gewijd aan het bepalen van het viskeuze karakter van 

deze binding voor zes stammen onder twee verschillende laadkrachten. Stammen 

werden gekozen zodat paarsgewijze vergelijkingen mogelijk waren om het effect 

van dichtheid en lengte van fibrillen in isogene S. salivarius mutanten, EPS in S. 

epidermidis stammen en de mate van crosslinking van peptidoglycan in twee 

isogene S. aureus mutanten, te bepalen. Om dit te doen, is een script geschreven 

voor de AFM dat het mogelijk maakte een constante laadkracht van 1 nN of 5 nN 

30 s lang op een bacterie uit te oefenen die gevangen zat tussen de cantilever en 

een glasoppervlak, terwijl tegelijkertijd de vervorming werd gemeten. 

Tijdsafhankelijke vervorming werd gekoppeld aan een Kelvin-Voigt analoog van de 

binding om een karakteristieke relaxatie tijd en visco-elasticiteit van de binding te 

verkrijgen. Binnen het paar streptokokken met fibrillen, liet een verhoging van 

dichtheid van fibrillen een iets langere relaxatie tijd zien, maar de viscositeit bleef 

hetzelfde. Binnen het paar stafylokokken zorgde de aanwezigheid van meer EPS, of 

minder crosslinks in de peptidoglycan laag, voor significant hogere relaxatie tijden, 

en een iets hogere viscositeit. De viscositeit van de bindingen in streptokokken was 

lager (< 20 kPa∙s) dan die van bindingen in stafylokokken (> 31 kPa∙s). Omdat 

stafylokokken relatief rijk zijn aan EPS, terwijl streptokokken vooral fibrillen hebben, 

kunnen we concluderen dat de aanwezigheid van EPS meer bijdraagt aan een 

viskeuze respons dan fibrillen. Het viskeuze karakter van de binding tussen een 

hechtende bacterie en een oppervlak vertraagt de impact van externe stress en zou 

een bacterie meer tijd kunnen geven om te reageren en zichzelf te beschermen 

tegen zulke stress.  
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Een discussie omtrent de aannames onderliggend aan onze analyse en 

modellen zoals gepresenteerd in dit proefschrift, samen met de uitdagingen en 

toekomstige toepassingen van AFM studies betreffende bacteriële 

hechtingskrachten wordt gepresenteerd in hoofdstuk 8. Een poging om AFM data 

te combineren met resultaten verkregen met een quartz crystal microbalance met 

dissipatie om de binding tussen een bacterie en een substraatoppervlak te 

onderzoeken is ook kort besproken. Tenslotte zijn de belangrijkste conclusies van 

dit proefschrift samengevat. 
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