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CHAPTER 3 
 

RESIDENCE TIME DEPENDENT DESORPTION OF 

STAPHYLOCOCCUS EPIDERMIDIS FROM HYDROPHILIC AND 

HYDROPHOBIC SUBSTRATA  
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Abstract 
 

Adhesion and desorption are simultaneous events during bacterial adhesion to 

surfaces, although desorption is far less studied than adhesion. Here, desorption 

of Staphylococcus epidermidis from substratum surfaces is demonstrated to be 

residence time dependent. Initial desorption rate coefficients were similar for 

hydrophilic and hydrophobic dimethyldichlorosilane (DDS) -coated glass, likely 

because initial desorption is controlled by attractive Lifshitz-Van der Waals 

interactions, which are comparable on both substratum surfaces. However, 

significantly slower decay times of the desorption rate coefficients are found for 

hydrophilic glass than for hydrophobic DDS-coated glass. This difference is 

suggested to be due to the acid-base interactions between staphylococci and 

these surfaces, which are repulsive on hydrophilic glass and attractive on 

hydrophobic DDS-coated glass. Final desorption rate coefficients are higher on 

hydrophilic glass than on hydrophobic DDS-coated glass, due to the so called 

hydrophobic effect, facilitating a closer contact on hydrophobic DDS-coated 

glass. 
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Introduction 
 

Microbial adhesion to substratum surfaces is generally considered to consist of 

two steps [1,2]. In the first step, adhesion is reversible and detachment may 

occur spontaneously. Gradually, as a second step, adhesive forces increase to 

cause more irreversible adhesion [3-6] with a lower desorption probability [7]. 

Although residence time dependent desorption has been investigated previously, 

these studies were subject to technical limitations [8]. Analyses were based on a 

series of images taken with 12 s time interval between consecutive pictures. 

Nowadays, consecutive images can be taken with a time interval of 1 s, or even 

shorter if desired, enabling more accurate registration and analysis of adhesion 

and desorption events in microbial adhesion.  

Desorption of bacteria from surfaces can be described by a so called 

residence time dependent desorption rate coefficient (β(t-τ)). After adhesion, 

immediate spontaneous detachment may occur, which is reflected in an initial 

desorption rate coefficient (β0). However, due to bond strengthening effects, the 

desorption probability will decrease with prolonged contact time and, as a result, 

β0 will decay with a characteristic decay time τc to a final desorption rate 

constant, β∞. The bond strength between bacteria and surfaces might be 

influenced by several factors, like for example hydrodynamic shear [9,10], 

substratum surface hydrophobicty or biosurfactant release. Initial desorption rate 

coefficients of Streptococcus thermophilus B from hydrophilic glass and 

hydrophobic fluoroethylenepropylene, for instance, were 7.4 x 10-3 s-1 and 7.7 x 

10-3 s-1, respectively and decreased with residence time on both surfaces. Final 

desorption rate coefficients were achieved within 60 s and were slightly larger 

on the hydrophilic than on the hydrophobic surface (1.0 x 10-5 s-1 and 0.7 x 10-5 

s-1, respectively), indicating that desorption was easiest from the hydrophilic 

surface [8]. 
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Staphylococcus epidermidis is normally a non-pathogenic skin organism, 

but it is involved in many biomaterial-related infections. S. epidermidis can 

adhere to a variety of different hydrophobic and hydrophilic biomaterials, but 

little is known about its ability to desorb from substratum surfaces. The aim of 

this study is to investigate the residence time dependent desorption of 4 S. 

epidermidis strains from a hydrophilic and a hydrophobic substratum surface. 

 

Materials and Methods 
 

Staphylococcal strains and culture conditions. S. epidermidis strains 3399, 

ATCC 35983, HBH2 3 and HBH2 169 were cultured aerobically in 10 ml 

Tryptone Soy Broth (OXOID) for 24 h at 37 ºC. After 24 h, cultures were used 

to inoculate 200 ml main cultures, which were grown for 16 h under similar 

conditions as the precultures. Bacteria were harvested by centrifugation for 5 

min at 5000 x g, washed twice with 10 mM potassium phosphate buffer at pH 7 

and suspended in the same buffer. To break bacterial aggregates, the bacterial 

suspension was sonicated 3 times for 10 s at 30 W (Vibra Cell model 375, 

Sonics and Materials Inc., Danbury, CT, USA), while cooling the suspension in 

a water/ice bath. Staphylococci were suspended to a concentration of 3 x 108 per 

ml in 10 mM potassium phosphate buffer at pH 7.  

 

Desorption studies. Experiments were conducted in a parallel plate flow 

chamber [11]. The top and bottom plates of the flow chamber were comprised of 

two microscope glass slides. As a hydrophilic substratum surface, glass (water 

contact angle 28 ± 8 degrees) was used, while a hydrophobic surface was 

obtained by silanization of glass slides in 0.05% (w/v) dimethyldichlorosilane 

(DDS, water contact angle 101 ± 2 degrees) in trichloroethylene [12]. After 

filling the system with a bacterial suspension, flow was maintained at a wall 
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shear rate of 15 s-1 and adhesion and desorption was monitored microscopically 

on the bottom plate of the flow chamber. Consecutive images were taken at 1 s 

time intervals for a period of 25 min with a CCD camera (Basler A102F, Basler 

AG, Germany). All experiments were conducted in six fold with three separately 

grown cultures.  

 

Analysis. Image analysis consisted of registering the time of arrival and the 

location of adhering staphylococci on the substratum surface and comparison of 

their positions in following images using proprietary software based on the 

Matlab Image processing Toolkit (The MathWorks, MA, USA)). This analysis 

allows us to follow individual bacteria in time and distinguishes between 

moving and adhering bacteria. Subsequently, when the time of adsorption (τ) 

and the time of desorption (t) were known, the residence time dependent 

desorption rate (β(t-τ)) can be calculated according to [12]: 
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In this summation, which runs over the number of images taken, Δndes(ti) is the 

number of bacteria desorbing between time ti-1 and ti and adsorbing between 

time τi-j-1 and τi-j, and Δnads(ti-j) is the total number of adsorbed bacteria between 

time τi-j-1 and τi-j.  

 

The measured β(t-τ) was fitted according to [13]: 
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yielding the initial desorption rate coefficient (β0), which decays to a final 

desorption rate coefficient (β∞) with a relaxation time (τc). 
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Statistical analysis (non-parametric Mann-Whitney U test) was performed using 

SPSS 14.0 to identify significant differences in staphylococcal desorption from 

the two surfaces, taking p < 0.05 as a level of significance.  

 
Results 
 

Figure 1 gives an example of the residence time dependent desorption of S. 

epidermidis HBH2 3 from hydrophilic glass and hydrophobic DDS-coated glass. 

Similar curves were obtained for the other three staphylococcal strains. An 

exponential decay pattern justifies the use of equation 2 to determine initial and 

final desorption rate coefficients, as well as their relaxation times, as 

summarized in Table 1. On average, the desorption rate coefficients decay from 

0.5 s-1 to 2.0 x 10-3 s-1 in less than 1 s, indicating a rapid bond strengthening.  

 

Table 1. Initial and final desorption rate coefficients (β0 and β∞, respectively) and their 
characteristic decay time (τc) of S. epidermidis strains from hydrophilic glass and 
hydrophobic DDS-coated, glass. Values represent averages of six measurements with three 
separately grown cultures. Average standard deviations amount ± 0.2 s-1 and ± 0.6 x 10-3 s-1 
over β0 and β∞, respectively, and ± 0.2 s over τc. 
 
 Glass DDS-coated glass 

Strain β0 (s-1) β∞  (10-3 s-1) τc (s) β0 (s-1) β∞  (10-3 s-1) τc (s) 

3399 0.4 2.8 1.1 0.5 1.9 0.7 

ATCC 35983 0.4 2.4 1.1 0.4 1.2 0.7 

HBH2 3 0.5 2.2 0.9 0.5 1.3 0.7 

HBH2 169 0.8 2.5 1.1 0.5 1.4 0.8 

 

 

Initial desorption rate coefficients β0 are not statistically different on hydrophilic 

glass and hydrophobic DDS-coated glass. However, final desorption rate 

coefficients β∞ and relaxation times τc differ significantly between both 
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substratum surfaces. On DDS-coated glass, bond strengthening is faster and 

yields lower final desorption rate coefficients than on hydrophilic glass. 

 
Figure 1. Examples of the residence time dependent desorption rate coefficient (β(t-τ)) as a 
function of the residence time (t-τ) for S. epidermidis HBH2 3 from hydrophilic glass (●) and 
hydrophobic DDS-coated glass (○). 
 

 

Discussion 
 

Adhesion and desorption are outer cell surface events, and attractive Lifshitz-

Van der Waals forces are among the forces that become effective at some 

separation distance between a bacterium approaching a surface. This is different 

from interactions such as hydrogen bonding, which require close contact. The 

Lifshitz-Van der Waals free energies of interaction are attractive and of 

comparable magnitude for all staphylococci on both hydrophilic and DDS-
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coated hydrophobic glass, as can be seen from Table 2, constructed from 

previously published contact angles on staphylococcal lawns and the solid 

substrata involved [15]. Since the initial desorption rates on hydrophilic and 

hydrophobic DDS-coated glass are comparable as well for all staphylococcal 

strains, it is suggested here that initial desorption of adhering bacteria is 

controlled by attractive Lifshitz-Van der Waals forces. 

Hydrogen bonding between a bacterium (b) and a substratum surface (s) 

requires direct contact between the two components. It is a competitive process 

involving hydrogen bonding between b and water (l) and between s and l on the 

one hand, and between s and b and l and l, on the other. The values for ΔGAB
slb, 

reported in Table 2, indicate that this competition for hydrogen bonding results 

in attraction of the staphylococci to the hydrophobic DDS-coated glass and in 

repulsion from the hydrophilic glass surface.  

 
Table 2. Lifshitz-Van der Waals and Acid-Base components of interaction free energy 
(ΔGLW

slb and ΔGAB
slb, respectively) between staphylococci and hydrophilic glass or 

hydrophobic DDS-coated glass, calculated from published contact angles [14].  
 
 Glass DDS-coated glass 

Strain ΔGLW
slb 

(mJ m-2) 

ΔGAB
slb 

(mJ m-2) 

ΔGLW
slb 

(mJ m-2) 

ΔGAB
slb 

(mJ m-2) 

3399 -1.7 +34.6 -1.2 -7.4 

ATCC 35983 -1.4 +25.7 -1.0 -14.7 

HBH2 3 -1.7 +22.1 -1.2 -13.3 

HBH2 169 -2.1 +26.8 -1.4 -13.7 

 

 

Since ΔGAB is evaluated from interfacial tensions [16] it is a macroscopic 

property. However, the substratum surface and, even more so, the bacterial 

surface are highly heterogeneous. Hence, even though for the whole bacterial 
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cell ΔGAB
slb is repulsive on glass, favourable bonds between the cell and this 

surface may be formed locally. Indeed, such favourable bonds must have been 

formed, because otherwise no significant adhesion of the staphylococci on glass 

would have been observed. It is understood that, unlike in adhesion to DDS-

coated glass, bacteria non-specifically adsorb to glass in the first, fast step of 

adhesion by sampling multiple interaction sites until favourable conditions 

enable progression to stronger adhesion. This process requires rearrangements of 

bacterial surface structures and it explains why the strength of the adhesive bond 

increases at a lower rate at the glass surface. This is reflected in the larger decay 

times for the desorption rate coefficient, τc, on glass. 

Although desorption rate coefficients do not provide information on the 

magnitude of adhesion force or bond strength [17], the differences in final 

desorption rate coefficients β∞ show that the rate of desorption at equilibrium is 

higher for the staphylococci interacting with hydrophilic glass than those 

interacting with hydrophobic DDS-coated glass. Apparently, the contribution of 

the hydrophobic effect, i.e. the entropy-driven dehydration of a hydrophobic 

surface [18], is responsible for the relatively low desorption probability. Also 

other surface characteristics might aid bacterial adhesion. For example, Lichter 

et al. recently showed that an increasing elastic modulus of the substratum 

surface has a positive effect on the adhesion of viable S. epidermidis cells [19]. 

Such an effect cannot be ruled out in our case as we use glass and DDS-coated 

glass. 

At this point, it should be noted that previously reported values for the 

desorption rate constants β0 and β∞ were 100 to 1000 times smaller and 

relaxation time constants τc were about 50 times slower than reported in our 

study [8]. This is a clear result of faster computing capabilities, allowing shorter 

time intervals between recorded images. Interestingly, although the time interval 
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between consecutive images is shorter, in our current study initial desorption 

rate coefficients also decay by a factor 100 to 1000. 

 

Conclusions 
 

Staphylococcal desorption from hydrophobic DDS-coated glass and hydrophilic 

glass is residence time dependent. Under the experimental conditions employed, 

including hydrodynamic shear, temperature and the buffer, initial desorption rate 

coefficients for a collection of staphylococcal strains were similar for all strains 

and substrata and are suggested to be controlled by attractive Lifshitz-Van der 

Waals interactions, acting immediately upon approach of a bacterium toward a 

surface. Stable desorption rate coefficients were achieved faster for all four 

staphylococcal strains on hydrophobic DDS-coated glass than on hydrophilic 

glass, due to favourable acid-base interactions between the staphylococci and 

DDS-coated glass. We propose that final desorption rate coefficients are 

controlled by the hydrophobic effects, facilitating removal of interfacial water, 

enhancing contact with DDS-coated glass and resulting in lower final desorption 

rate coefficients for the hydrophobic surface. 
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