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Stellingen 

I. Antigen 1/11 at the surface of Streptococcus mutans LT! 1 specifically binds different 
protein species with different affinities from the large pool of proteins present in whole 
saliva. This thesis 

2. The specific contribution to the interaction between Streptococcus mutans and salivary 
proteins is mediated by electrostatic interactions. This thesis 

3. Convective-diffusional mass transport in a parallel plate flow chamber results in a milder 
contact than established during AFM or stirring in a microcalorimeter. This thesis 

4. Bond strengthening in case of specific adhesion of Staphylococcus aureus strains to Fn
films occurs on a much faster time scale than in case of non-specific adhesion. This thesis 

5. Bond strength energies calculated from the retract force-distance curves in AFM are 
orders of magnitude larger than calculated from desorption rate coefficients, suggesting 
that the penetrating Fn-coated AFM tip probes multiple receptor sites in the cell surface. 
This thesis 

6. The spectacle of fireworks blooming beautifully, then disappearing with a pop can be 
taken as a symbol of plangent and graceful resignation, or vital ephemerality like cherry 
blossoms. 

7. Life is what happens to you while you are busy making other plans. John Lennon (1940-
1980). 

8. Most research follows formerly published work, but only research based on an absolutely 
new idea may receive a Nobel Prize. 

9. A smoking room in a public place is meant to protect the rights and demands of smokers 
and non-smokers. 
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Bacterial adhesion is of significance in widely different aspects of nature and human 

life, such as the marine environment, soil and plant ecology, food industry, and most 
importantly, the biomedical field. Once microorganisms are attached to a surface, a 

multi-step process starts resulting in the formation of a complex adhering microbial 

community, called a "biofilm". A biofilm can be defined as a micro-ecosystem in 
which different strains and species of microorganisms efficiently cooperate in order to 

protect themselves against environmental stresses and to facilitate more efficient 
nutrient uptake (Gottenbos et al., 1999). 

The human body serves as a reservoir for many different biofilms. Some of 

these biofilms are believed to play a role in the maintenance of health. Autochthonous 
bacterial biofilms on the epithelia of the human urethra, cervix, and vagina are 

believed to act as barriers preventing colonization by pathogens (Chan et al., 1985). 

However, in many instances, bacterial biofilms develop to take advantage of the 
nutrients supplied by the body, and cause damage. Dental plaque, found in the oral 
cavity is one such biofilm. Organisms in an oral biofilm feed on food remnants in the 
mouth, notably sugars and the proteins and carbohydrates of the saliva, yielding the 
production of acids which leads to the breakdown of the crystalline structure of the 
tooth surface. Streptococci play a major role in the initiation of dental caries, which is 
one of most prevalent and costly infectious diseases worldwide. In addition, when 

medical devices, such as for instance urethral catheters and voice prostheses, are used 
to restore function in the body, the foreign surfaces often introduce pathogenic 
organisms to previously restricted areas and serve as foci for infection (Dankert et al., 

1986). Staphylococci are major causes of infection related to biofilms formed on 

indwelling medical devices. 

Biofilm Formation 

Although the function and appearance of biofilms in various environments may be 

different, in the pathogenesis of infection all biofilms are formed according to the 
following basic sequence of events (Escher and Characklis, 1990). Due to their smaller 
dimensions and therefore higher transport rates, proteins from biological fluids adsorb 
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faster than microorganisms adhere and as a consequence, microbial adhesion always 
occurs to a proteinaceous conditioning film rather than to a bare material surface. 

Bacterial adhesion to a material surface can be described as a two-phase process 

including an initial, instantaneous, and reversible physical phase (phase one) and a 

time-dependent and irreversible molecular and cellular phase (phase two), as was first 
proposed by Marshall and colleagues (Marshall et al., 1971; Marshall, 1985) and has 

been accepted by the majority ofresearchers (Dankert et al., 1986; Gristina, 1988; An 
and Friedman, 1998). Different steps may be distinguished in both the physical phase 
as well as the molecular phase as schematically summarized in Fig. l and explained 
below: 

Phase 1- Physical-chemical interactions between bacterial and material surfaces: 
1. Formation of a conditioning film of adsorbed proteins and other organic molecules 

on the substratum surface prior to bacterial deposition. For example, oral 
microorganisms are deposited on top of the pellicle, a protein layer on the teeth. 
Sometimes protein adsorption stimulates bacterial adhesion like in case of 

"adhesive proteins" such as fibronectin, vitronectin, and laminin. 
2. Transport of bacteria towards the substratum surface through diffusion, convection, 

sedimentation, or by intrinsic bacterial motility. 

3. Initial bacterial adhesion, followed by co-adhesion of planktonic bacteria with 
already adhered ones. 

Phase 2 - Molecular and cellular interactions between bacterial surfaces: 
4. Strong attachment or anchoring of bacteria at the surface through surface 

appendages and production of extracellular polymeric substances (EPS), composed 
of poly-saccharides, proteins, humic substances, nucleic acids and lipids. 

5. Colony formation by already adhering bacteria and continued secretion of EPS. 

6. Localized detachment of isolated or clumps of bacteria caused by occasionally high 

fluid stress, liquid-air interfaces or other detachment forces operative in the 
environment of the biofilm. 
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Of course, the model is simplified and ignores detailed aspects of biofilm formation. 

However, it is envisaged that the initial events as summarized above, will determine 
the final structure and microbial composition of a mature biofilm (Reid et al., 1998). 

Bacteria-Biomaterial Interactions According to Theoretical Models 

Bacterial adhesion is a complicated process that is affected by many factors, including 

characteristics of the surfaces of the bacterial cell and the substratum (hydrophobicity, 
charge, roughness and the possible presence of specific receptors) and environmental 

factors, such as pH, ionic strength, temperature and the presence of serum proteins or 
bactericidal substances. 

Several theories have been proposed in order to understand bacterial adhesion 
to various substratum surfaces. They may be classified in physico-chemical models 

(the classical DLVO (Derjaguin, Landau, Verwey, Overbeek) theory, the extended 

DLVO theory and the thermodynamic approach), involving properties like 
electrostatic potential, hydrophobicity and surface free energy (Busscher and 
Weerkamp, 1987; Fletcher, 1987) and a specific receptor model, involving stereo

chemical molecular interactions between components on the bacterial cell and 
substratum surface, such as in lectin-like interactions. 

Physico-chemical models 

Physico-chemical models may be divided in two types, based on an electrokinetic 
concept and based on a thermodynamic concept. In these models, bacteria are 

considered as inert particles which do not change during the course of attachment. The 
electrokinetic concept focuses on the significance of electrostatic potentials and 

Lifshitz-Van der Waals forces and is summarized in the classical DLVO theory, in 
which bacterial adhesion is described as a result of attractive Lifshitz-Van der Waals 
forces and repulsive or attractive electrostatic forces. Accordingly, the total interaction 
free energy ( Gror) between two interacting surfaces can be separated as 
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(1) 

in which GLW and GEL denote the Lifshitz-Van der Waals and electrostatic 
contributions, respectively. The variation with distance (d) of these interaction free 
energies depends on the geometry of the interacting bodies and is summarized in Table 
I for the configuration of a sphere (bacterium) opposed to a semi-infinite flat plate (a 

substratum surface) and for two interacting bacteria ((co)aggregation) (Bos et al., 

1999). The Lifshitz-Van der Waals attraction is not strongly influenced by ionic 
strength, but both the range and the magnitude of the electrostatic interactions decrease 
with increasing ionic strength. Note that, dependent on the ionic strength, at a few nm 

separation between two surfaces, a potential energy barrier for irreversible adhesion in 
the primary minimum (at close approach of the surface) may exist. However, 
depending on the ionic strength as well, the bacteria may become reversible captured 

in a more shallow secondary minimum before encountering this barrier for deposition. 

Van Oss et al. (1986) introduced the so-called extended DLVO theory by 
including short-range Lewis acid-base interactions in the classical DLVO approach, 
therewith accounting for the hydrophobic/hydrophilic interactions. For bacterial cells it 
was concluded that osmotic interactions are negligibly small, so that the total adhesion 
energy can be expressed as: 

(2) 

in which d8 relates to the polar acid-base interfacial free energy. Inclusion of acid

base interactions in the classical DLVO approach (Van Oss et al., 1988), implies that 
"hydrophobic attractive" (Wood and Sharma, 1995) and "hydrophilic repulsive" 

(Pashley and Israelachvili, 1984; Elimelech, 1990) interactions can be accounted for in 
a more formal way. liG'18 is incorporated in the extended DLVO approach by 
attributing a decay function to this balance. The decay with distance of the acid-base 

interaction energy is assumed to describe the distance dependence of the ordering in 
the boundary layer, while the Lifshitz-Van der Waals and electrostatic interaction 
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energies are identical for the extended and classical DL VO approach. The variation 
with distance of the acid-base interaction free energies for the sphere-plate (bacterium
substratum) and sphere-sphere (bacterium-bacterium) configurations is summarized in 

Table 2 (Bos et al., 1999). 
In the thermodynamic concept, the interacting surfaces are assumed to 

physically contact each other under conditions of thermodynamic equilibrium. The 

thermodynamic concept is based on interfacial tensions of the substratum, the bacterial 
surface and the suspending medium. Subsequently, these three interfacial tensions can 
be used to calculate the interfacial free energy (�Gadh) between the pairs of surfaces 
involved in adhesion, at constant pressure and temperature 

(3) 

in which: Ysb, YsI, and YbI are the substratum-bacterium, substratum-liquid, bacterium
liquid interfacial tensions, respectively. 

Adhesion will be favorable if �Gadh is negative. Both electrokinetic concept and 
thermodynamic concept have proven merits for microbial adhesion, when certain 

collections of strains and species are considered, but have failed so far to yield a 

generalized description of all aspects of microbial adhesion valid for each and every 
strain (Van Loosdrecht et al., 1989). 

The DVLO theory and the thermodynamic approach of calculating the adhesion 

energy are clearly relevant in different phases of the adhesion process, i.e. at different 
separation distances between the organism and the substratum surface. The promising 
extended DL VO theory uses components from both models, and includes distance 

dependent hydrophobicity: the hydration effects accounted for by the �G
AB component, 

in addition to the Lifshitz-Van der Waals and electrostatic interactions. In some cases 
the extended DL VO theory seems to qualitatively predict experimental adhesion 

results better than the classical DL VO theory and the thermodynamic approach 

(Hermansson, 1999). 
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Table 1. The Lifshitz-Van der Waals GLJJ'(d) and electrostatic GEL (d) interaction energies for a bacterium with radius a opposed to a 
substratum surface and for two interacting bacteria with radii a, and a2 as a function of the separation distanced (adapted from Bos 
et al., 1999). 

Configuration 

bacterium-substratum 

bacterium-bacterium 

Lifshitz-Van der Waalsn 

-
: [; + d : 2a + I

n
( d : 2J] 

-Aa1a2 

6d( a1 +a2 ) 

• A denotes the Hamaker constant. 

Interaction energies (J) 

Electrostaticb 

.ll"sa(�} + si f �s,s\ In I+ exp(-Kii) + ln{I - exp(-2Kii J}] 
1 s, + s 2 I - exp(-Kii) 

ll"W1a2k12 +(i) [ 
2ps2 In I +exp(-,a;J) +ln{1-exp(-2K1i)}] 

(a, +a2) i;,- +sf 1-exp(-,a;J) 

be denotes the pennittivity of the medium, (the zeta potential and K., is the double layer thickness. ,c·1 can be calculated from [ , ]' 2 
,c = :-T · �>, · n, [m"1

) in which e denotes the electron charge, k the Boltzmann constant, Tthe absolute temperature, z, is 

the valency of the ions present and n, is the number of ions per unit volume. For a symmetrical 1-1 electrolyte this equation reduces 
to ,c = 0.328 xJ0I0 (z;M;) 112 [m"1], where M; is molarity [mol r'J of the ions. 

Q 
{l 
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Table 2. The Lewis acid-base GAB(d) interaction free energies for a bacterium with radius a 
opposed to a substratum surface and for two interacting bacteria ((co-)aggregation) as a 
function of the separation distanced (adapted from Bos et al., 1999). 

Configuration Lewis acid-basea interaction free energies (J) 
bacterium-substratum 21raM dB exp[( do-d)/A.] 

bacterium-bacterium 1raM dB exp[( do-d)IA] 
0d0 is the distance of closest approach between two surfaces (1.57 A; Van Oss, I 990), while A 
denotes the correlation length of the molecules of the liquid medium, and reportedly equals 
0.6 nm for hydrophilic repulsion. For situations in which hydrophobic attraction occurs, A 
may become as high as 13 nm (Van Oss, 1994 ). 

Specific receptor model 

Proteinaceous structures on bacterial cell surfaces with a known role in adhesion are 

called "adhesins". Adhesins are often lectins, which can bind to saccharides or 

proteinaceous receptors. Most of the bindings between bacteria and proteins are 
specific ligand-receptor like interactions. Bacterial adhesins appear in close association 

with surface appendages and on a single cell surface several different appendages with 
various specific functions may be present. The specific receptor model is mostly used 
for interactions between bacteria and protein-coated surfaces. 

Many proteins have been studied for their effects on bacterial adhesion to 

substratum surfaces (Fletcher 1976; Kuusela et al., 1985; Pratt-Terpstra et al., 1987; 

Muller et al., 1991; McDowell et al., 1995), including albumin, fibronectin, fibrinogen, 

laminin, denatured collagen, and others. Specific proteins promote or inhibit bacterial 

adhesion, not only due to their adsorption to a substratum surface, but also because of 

their adsorption to bacterial surfaces. Adhesion of bacteria to specific, adsorbed 

proteins is believed to be important in the pathogenesis of prosthetic infections (Tojo 
et al., 1988; Timmerman et al., 1991). For instance, fibronectin binding proteins 

(FnBPA and FnBPB) and antigen I/II can be found on staphylococcal and 
streptococcal cell surfaces, respectively and are involved in specific interactions with 
fibronectin and salivary proteins (Hajishengallis et al., 1994; Ku use la et al., 1985). 

It is important to realize that all types of interaction originate from the same 

fundamental forces (Van Oss, 1994), including the ever present Lifshitz-Van der 
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Waals forces, electrostatic forces, hydrogen bonding, hydrophobic bonding, and 
Brownian motion forces. Moreover, whereas specific interactions are highly 

directional, spatially confined and consequently operative over short distances, say 
smaller than 1 nm, the so-called non-specific association in microbial adhesion arises 

from interaction forces between all molecules in the entire cell and substratum and are 
consequently of a more long-range character. Therefore, in order to adequately 
describe microbial adhesive interactions, either between two bacterial species or 
between a bacterium and substratum surface, both the long-range, non-specific 
interaction forces and the short-range, specific interactions must be taken into 

consideration (Busscher and Weerkamp, 1987; Van Oss, 1990; Busscher et al. , 1992), 
as schematically indicated in Fig. 2. A specific bond is the result of short-range 
stereochemical molecular favorable interaction between highly localized groups on the 
bacterium and substratum. Non-specific forces, arising from Lifshitz-Van der Waals, 
electrostatic forces, hydrogen bonding, and hydrophobic bonding may be able to cause 

adhesion, i.e. to keep adhering cells on a substratum surface, but, unlike specific short
range stereochemical bonds, they often allow for sliding, an aspect that can be of 
major medical and ecological importance. Furthermore it has been argued that specific 
bonds are stronger than non-specific bonding, and that non-specific binding occurs 

immediately when the bacterium comes in the vicinity of a surface. However, specific 
bonding may be more time-consuming due to possible necessary rearrangement of 
stereochemical, molecular groups to interact, or even expression of new 
macromolecules by the organism in response to a surface (Jensen, 1992; McCarter, 
1992). 

Aim of this Thesis 

The aim of this thesis is to investigate the physical-chemical mechanisms of bacterial 

adhesion to adsorbed protein films, using innovative techniques including atomic force 
microscopy and microcalorimetry. 
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Bacterium 

Substratum 

A B 

Figure 2 .  Both non-specific and specific interactions originate from the same fundamental 
physico-chemical forces. 
A: Non-specific forces (Lifshitz-Van der Waals and electrostatic forces, hydrogen bonding 
and hydrophobic bonding) originate from the entire bacterium and for that reason may not be 
neglected as compared to the effect of specific adhesins. 
B: A specific bond between stereo-chemical molecular groups on the cell and substratum 
surfaces consists of a combination of attractive Lifshitz-Van der Waals and electrostatic 
forces, hydrogen bonding and hydrophobic bonding, originating from highly localized 
chemical groups, which together form a stereo-chemical combination. 
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In this chapter, the main techniques used in this thesis to evaluate the interaction of 
bacteria with protein-coated substrata, are described in detail .  The techniques 
employed are either aimed at measuring the probability of adhesion, the force or the 

enthalpy of adhesion at the level of a single bacterial cell. I t  should be emphasized, 

however, that these, in vitro measurements may deviate from the in vivo situation 
where the whole system is much more complex and dynamic. In vivo, the substratum 

is usually under a dynamic mechanical stress, the surface may change composition 

with time and biological fluid flow may interact with the surface. Moreover, an 
incoming bacterium may just attach to the surface (reversibly), adhere firmly 

(irreversibly) or release a number of substances and/or present a number of adhesive 

receptors whose specificity, activity and numbers may be a function of time. Further 

investigations are needed to advance our understanding of the mechanisms of bacterial 
adhesion and prosthetic infection and the techniques described below are considered to 
be innovative and most appropriate for this purpose. 

Parallel Plate Flow Chamber 

Bacterial adhesion to surfaces can, amongst other methods, be measured in a parallel 
plate flow chamber (PPFC). The parallel plate flow configuration is very common as it 
is simple to construct and the flow within the chamber can be mathematically analyzed 

rather easily. In the most commonly used experimental set-up, a pump provides a 
steady-state flow. The fluid enters a rectangular chamber from one side and leaves 
from the opposite side (Bruinsma et al., 2001; Bakker et al. , 2003). 

A typical schematic of a parallel plate flow chamber system is shown in Fig I .  
The chamber consists of a stainless steel bottom and top part which encloses two 
plates separated from each other through a teflon spacer. The upper plate is usually 
made of glass, while the bottom plate is the surface under study. The bottom plate of 
the parallel plate flow chamber can be observed with a CCD-MXR camera mounted 
on a phase-contrast microscope. The camera can be coupled to an image analyzer, 

installed in a computer. With this set-up, direct observation of the deposition process 
in situ is possible without any additional shear forces acting on the deposited bacteria. 
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Thus the spatial arrangement of deposited bacteria with respect to each other is fully 
preserved. A pulse-free flow can be created by hydrostatic pressure and recirculation 

of the suspension by a roller pump. By means of a valve system it is possible to 

connect flasks which contain e.g. buffer, protein solution or bacterial suspension to the 
flow chamber without passing an air-liquid interface over the adsorbed conditioning 

film and/or adhering organisms. 

! Microscope 

Flow chamber 

Pump 

Image analyzing 
computer 

Figure 1. Schematic diagram of the parallel-plate flow chamber (PPLC). The arrow indicates 
the direction of the fluid flow. 

The hydrodynamic force per unit of surface area exposed to a flow is defined as 
the shear stress (rw), which is obtained by multiplying the shear rate (o) by the absolute 
viscosity (17) of the fluid involved (McCabe, 1976): 

( 1) 

For most aqueous fluids, including buffers, urine, seawater and dilute suspensions of 
bacteria, the absolute viscosity is around 1 x 10-3 Pa s at room temperature. 
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When laminar flow is  well established, the theoretical shear rate in a PPFC at the 

bottom plate is given by the following formula (Elimelech, 1994): 

(2) 

where Qpp i s  the volumetric flow rate, w0 is the width of the flow chamber, ho is the 

distance between the parallel plates. 
The shear force (F) exerted by the flow on an adhering organism is determined by 
multiplying the hydrodynamic force per unit of surface area by surface area (S): 

F = r,..S (3) 

In our study, the flow rate was adjusted by hydrostatic pressure to 1.4 ml min-' 
yielding a shear rate of 15 s- 1 which, for a bacterial cell of I µm diameter (S = ½ 
bacterial surface area) implies a shear force of about 2.5 x 10·5 nN. 

Atomic Force Microscopy 

The Atomic Force Microscope (AFM) has become a powerful tool in biology and 
microbiology (Zlatanova et al., 2000; Bolshakova et al., 2001; Dufrene, 2001; Dufrene, 
2002). Apart from the fact that AFM has proven useful in imaging the morphology of 
individual microbial cells and bacterial biofilms on solid surfaces, both in dried and 

hydrated states (Robichon et al., 1999), it is being used increasingly for mapping 
interaction forces at microbial surfaces (Bowen et al., 1998; Willing et al., 2000; 

Beech et al., 2002; Boyd et al., 2002; Alfonso and Goldmann, 2003; Dufrene, 2003), 
such as Lifshitz-Van der Waals and electrostatic forces, solvation forces and steric

bridging forces. Moreover, local mechanical properties of bacterial surfaces have been 
probed (Fig. 2A). 

1 8  



A 

Main Techniques Used in this Study 

Force (nN) 

Fo 

0 l-4---=====::::::;;:;;:;========�--... 
I ,, ., - -

I / L3 . ···---� I , ' Rc1ract1on 
... ....  
0 

Probe-sample separation dislance d (nm) 

B 
Figure 2. Atomic force microscope. A: Schematic diagram. B :  Force-separation curves. 1 .  No 
interaction forces were detected when the probe and the sample surface are far apart. 2. The 
repulsive forces are detected till the probe touches the sample surface. 3. The adhesive forces 
are recoded as the probe is retracted from the sample surface. 

In principle, the AFM resembles a record player and a stylus profilometer. The 

ability of an AFM to achieve near atomic scale resolution depends on the three 

essential components as shown in Table 1 (Braga and Ricci, 1 998). 

Force measurements are made by recording the deflection of the canti lever 

while the cantilever is moved up and down, resulting in a "force-distance curve". 

These curves are converted to "force separation curves" (Fig. 2B) in which the force 

experienced by the probe is plotted as a function of the probe-sample separation 

distance. Approach curves can be fitted to a simple exponential function, where the 

interaction force F is described as 

F= F0 exp (-d/A) (4) 

in which F0 is the repulsive force at zero separation between the interacting surfaces, d 

the separation distance and A the decay length of the interaction force F. 

A force-distance curve records the variations of interaction forces as a 

bacterium or sample surface approaches the AFM tip, makes contact and then retracts 

from the tip. Such a force-distance curve provides valuable information on the tip-
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bacteria interaction forces over the various sections of a bacterial cell surface. 
Adhesion maps can be produced from the retracting curves by taking the strongest 
adhesion force detected during retraction at each position and by plotting that value 

against the x-y position of each force-distance curve. 

Table 1 .  The main components of AFM. 

Main components 

Cantilever with 
sharp tip 

Scanner 

Feedback control 

Microcalorimetry 

Function 
The tip is attached to the end of a cantilever with a low 
spring constant. The forces that are exerted between the tip 
and sample are measured by the extent of bending ( or 
deflection) of the cantilever. 
A piezo-tube scanner controls the movement of the tip or 
sample in the x, y and z-directions. Typically, the maximum 
ranges are 80 x 80 µm in the x-y plane and 5 µm for the z -
direction. 
By calculating the difference signal in the photodiode 
quadrants, the interaction force between the tip and the 
sample can then be determined by Hooke's  Law. 

Many biological processes, e.g. the assembly of viruses, protein folding, and 
biopolymer aggregation and adsorption, are characterized by a strong enthalpy-entropy 
compensation (Haynes and Norde, 1995), that is, they occur spontaneously by virtue of 
an entropy increase that compensates for an unfavorable enthalpy effect, or vice versa. 

At constant temperature and pressure, which is usually the case in biological systems, 
all physico-chemical interactions, including adsorption, adhesion, coaggregation and 

co-adhesion, are determined by changes in the Gibbs energy ( G) of a system. !iG is 

composed of a change in enthalpy (H) and in entropy (S), according to 

LIG = LIH - T!iS (5) 

where T is the temperature in Kelvin. 
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For a process to occur spontaneously, the change in Gibbs energy (LiG) is 

negative. The enthalpy tends to reach a minimum value reflecting the energetically 

most stable state, whereas the entropy strives for a maximum corresponding to the 

highest degree of randomness. As LiG = LiH - T LiS, this condition could be realized by 

either: 

- a negative value for LiH and a positive value for T LiS 

- a negative value for LiH and a less negative value for TLiS 

- a positive value for LiH and a more positive value for T LiS 

The Gibbs energy (LiG) may be obtained from adsorption isotherms, given the 

condition that they are reversible (i.e., reflect thermodynamic equilibrium). However, 

this condition is usually not satisfied for protein adsorption and bacterial adhesion. 

The enthalpy of a system is directly related to its heat content. More precisely, 
at constant pressure, and if no work other than that related to volume change is 
involved, changes in the enthalpy can be determined as the heat exchange between a 

system and its environment. 
The entropy is a measure for the amount of energy in a system which is no 

longer available for doing work. It is related to the disorder or randomness in a system 

i.e. the more randomness, the higher the entropy. A positive entropy change is 
favorable. Direct determination of the entropy, however, is virtually impossible as it 
would require counting all conformationally and configurationally possibilities before 

and after a process. 

In this study, dealing with irreversible protein adsorption, LiS of the process is 

unknown. Thus, if a process is exothermic, LiH < 0, TLiS may either be > 0 (favoring 

the process as well) or < 0 (opposing the process), as long as LiG remains < 0. If it is 

endothermic, LiH � 0, the process must be entropy driven, i.e., T LiS > 0. 

The enthalpy of interaction between bacterial cell surfaces and proteins can be 
directly determined using isothermal titration calorimetry (ITC) (Fig. 3A). Calorimetry 
allows the determination of heat exchanges between a system and its environment. 

ITC is a high-accuracy titration method for measuring the enthalpic part of binding 
affinities. In our experiments, four ampoules, connected with separate titration systems 
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at 25
°
C, were used inside the microcalorimeter, allowing separate quantification of the 

protein binding as occurring in the calorimeter. Each experiment consisted of 

consecutive injections of a ligand (protein) into the sample ampoule containing a 

solution of receptors (bacterial surface). When the two components bind, heat is either 

generated or absorbed. The use of a twin-type microcalorimeter allows the 

measurement of the heat (Q) flowing from the reaction ampoule as compared with a 

reference ampoule without titration. Signal collection was done using the dedicated 

Digitam software (Thermometric, Sweden) (Fig. 3B). By convention, the enthalpy 

change resulting from an exothermic process is negative and from an endothermic 

process positive. 

A 

Reference 
cell heater 

Com uter 

B 

Figure 3. A: Schematic diagram of an isothermal titration calorimetry (ITC). B: Schematic 
view of the measuring unit during ITC experiments. The sample ampoule filled with a 
macromolecule solution ( I )  is lowered into the measuring unit and injections of the ligand is 
proceeded through a cannula. Upon binding a heat flux is generated (black arrow) and 
channeled through a pair of extremely sensitive thermopile Peltier elements (2) to the heat 
sink (3). The Peltier elements convert heat into a voltage signal that is proportional to the heat 
flow. 
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Chapter 3 

Introduction 

Streptococcus mutans is regarded as a commensal organism in the human oral cavity, 
but is frequently associated with dental caries. Therefore, considerable attention has 
been paid to factors that influence the distribution of S. mutans in the oral cavity and 
particularly to the mechanism whereby this organism adheres to and colonizes oral 
hard and soft tissues (Douglas and Russell, I 984). Oral surfaces in vivo are covered 
with an integument called the acquired pellicle, which is largely composed of a layer 
of adsorbed salivary proteins (Mayhall, 1970; 0rstavik and Kraus, 1973). The initial 

adhesion of bacteria to oral surfaces always involves an interaction between bacterial 
surface components and constituents of the acquired pellicle (0rstavik, 1978). 

The antigen 1/11 family of polypeptides is expressed at the cell surface of many 
oral streptococci (Jenkinson and Demuth, 1997) and plays an important role in their 

adhesion to surfaces. Antigens 1/11 are multifunctional adhesins that exert diverse 
binding activities, i.e., with salivary glycoproteins Hajishengallis et al., 1994), host 
cell receptors (Saeli et al., 1994; Vernier et al., 1996), and soluble extracellular matrix 
glycoprotein (Sciotti et al., 1997; Petersen et al., 2001 ). Antigen I/II surface proteins 
of S. mutans play a determinant role in its adhesion to salivary pellicles, and strains 
lacking antigen I/II hardly adhere to pellicles. 

At constant temperature and pressure, which is usually the case in biological 
systems, all physico-chemical interactions, including adsorption, adhesion, 
coaggregation and co-adhesion, are determined by changes in the Gibbs energy (G) of 
a system. For a spontaneous process, the change in Gibbs energy (LiG) is negative. LiG 

is composed of a change in enthalpy (H) and in entropy (S), according to 

(1) 

where T is the temperature in Kelvin. The enthalpy tends to reach a minimum value 

reflecting the energetically most stable state, whereas the entropy strives for a 
maximum corresponding to the highest degree of randomness. The enthalpy of a 
system is directly related to its heat content. More precisely, at constant pressure, and 
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if no work other than that related to volume change is involved, changes in the 

enthalpy can be determined as the heat exchange between a system and its 
environment. Direct determination of the entropy, however, is virtually impossible as 
it would require counting all conformational and configurationally possibilities before 
and after a process. Many biological processes, e.g. the assembly of viruses, protein 

folding, and biopolymer aggregation and adsorption, are characterized by a strong 

enthalpy-entropy compensation (Haynes and Norde, 1995), that is, they occur 
spontaneously by virtue of an entropy increase that compensates for an unfavorable 

enthalpy effect, or vice versa. 

The enthalpy of interaction between bacterial cell surfaces and salivary proteins 
can be directly determined using isothermal titration calorimetry (ITC). Isothermal 

microcalorimetry is one of the most direct methods to measure the enthalpy change of 
formation of a complex at constant temperature, but has hitherto been used only 

scarcely in oral microbiology. Sand and Von Rege ( 1999) used a perfusion 

microcalorimeter to evaluate the adhesion of Bacillus subtilis to a gold surface and 
found that 85% of the total heat evolved originated from adhesion, whereas only 15% 

resulted from substrate oxidation. The microbial activity of biofilms on a substratum 
surface and the effects of biocides on microbial activity have also been monitored 
using microcalorimetry (Zhao et al. , 2000; Yu et al., 2000). Furthermore, 

microcalorimetry was employed to determine the enthalpy of coaggregation between 
two oral bacterial pairs (Postollec et al., 2003). Moreover, microcalorimetry was 

proven to be a useful instrument in the screening of potential antibacterial agents 
against S. mutans by detecting stoichiometric and energetic information on the 

metabolism of a population of microorganisms (Morgan et al., 200 I ). 

The aim of this study is to elucidate some aspects of the mechanism of 
adsorption of salivary proteins onto S. mutans cell surfaces, in particular with respect 

to the driving force for adsorption and the influence of pH. We compared the 
interactions between salivary proteins and S. mutans strains with and without antigen 

I/IL Adsorption of salivary proteins to S. mu tans cell surfaces with (S. mu tans L T l  I )  
and without (S. mutans IB03987) antigen 1/11 was determined spectrophotometrically 
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and corresponding adsorption enthalpies were measured using an isothermal titration 
microcalorimeter. 

Materials and Methods 

Bacteria and culture conditions 

Two strains of S. mutans (L T l  I with antigen I/II and the isogenic mutant IB03987 

without antigen 1/11), were used in this study. The bacterial cells were maintained at -

80°C in brain-heart infusion (BHI; OXOID, Basingstoke, UK) broth containing 7% 
dimethylsulfoxide (DMSO; MERCK, Germany). For culturing, S. mutans L T l  I was 

plated onto BHI agar plates, while S. mutans IB03987 was plated onto BHI agar 
supplemented with 5 µg mr 1 kanamycine monosulfate (Sigma-Aldrich, Steinheim, 
Germany) and incubated in 5% CO2 overnight at 37°C. Subsequently, bacterial 

colonies were precultured in I O  ml BHI batch culture overnight. This preculture was 
used to inoculate a main culture of 200 ml BHI broth, which was allowed to grow 

overnight. Bacteria were harvested by centrifugation at 6500g for 5 min at I 0°C and 

washed twice with demineralized water. Bacterial chains and aggregates were broken 
by mild sonication on ice for 3 x 10 s at 30 W (Vibra Cell model 375, Sonics and 
Materials Inc., Danbury, Connecticut, USA). Sonication was carried out intermittently 
while cooling in an ice/water bath. This procedure was found not to cause cell lysis in 
any strain. Finally, bacteria were resuspended in adhesion buffer (2 mM potassium 
phosphate, 50 mM potassium chloride and I mM calcium chloride, pH 6.8 or 5.8 as 
adjusted by the addition of HCI) to a concentration of 5 x 109

, 5 x 108
, or 5 x 107 per 

ml, as determined in a Bilrker-Tilrk counting chamber. Bacteria were used 
immediately after harvesting. 

Saliva collection and preparation 

Human whole saliva from 20 healthy volunteers of both sexes was collected after 

stimulation by chewing Parafilm, into ice-chilled beakers. After the saliva was pooled 
and centrifuged twice at I 0,000g for 5 min at I 0°C, 0.2 M phenyl
methylsulfonylfluoride was added to a final concentration of I mM to inhibit protease 

28 



Interaction Enthalpies between Saliva,y Proteins and S. mutans 

activity and, hence, to reduce protein breakdown. Afterwards, the solution was 
centrifuged again at 10,000g for 5 min, dialyzed overnight at 4°C against 
demineralized water, and freeze dried for storage. All volunteers gave their informed 

consent to saliva donation, in agreement with the ethics committee at the University 

Medical Center Groningen. 

For experiments, the lyophilized saliva was dissolved in adhesion buffer (pH 

6.8 or 5.8) at a concentration of 6 mg mr 1
• This solution was centrifuged at 10,000g 

for 5 min at 10°C and the supernatant was used. The protein content in the supernatant 

was 1.4 mg mr 1
, according to the Bio-Rad protein assay (Bio-Rad Laboratories, USA), 

with bovine serum albumin as standard. This protein concentration corresponds with 
the protein concentration in human whole saliva. 

Isothermal titration calorimetry 

The adsorption enthalpy of salivary proteins to the bacterial cell surfaces was 
measured in a twin-type, isothermal microcalorimeter TAM 2277 (Thermometric, 
Sweden). The calorimeter was positioned in a temperature-controlled environment (20 

± 0.1 °C), allowing a baseline stability of± 0.1 µW over 24 h (Nordmark et al. , 1984). 

The instrument had an electrical calibration with a precision better than ± 1 % and the 
accuracy was regularly determined by measuring the dilution enthalpy of concentrated 
sucrose solutions (Wu et al., 1996). Experiments were performed isothermally at 25°C 

in stainless steel ampoules of 4 ml. Four ampoules, connected with separate titration 
systems at 25°C, were used inside the microcalorimeter, allowing separate 
quantification of protein adsorption as occurring in the calorimeter after each injection. 

The use of a twin-type microcalorimeter allows the measurement of the heat (Q) 
flowing from the reaction ampoule as compared with a reference ampoule. The output 

signal was collected as power, P, versus time, t, and was integrated and quantified to 

evaluate the isobaric heat exchange (i.e., the enthalpy change) during adsorption, using 

the dedicated Digitam 4. 1 software (Thermometric, Sweden). Notably, the measured 
heat effect should be corrected by the heat of dilution of the proteins to obtain the net 

adsorption enthalpy (�H) (Briggner and Wadso, 1991 ). 
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Typically, all four reaction ampoules were filled with 1.5 ml of bacterial suspension (5 
x 107

, 5 x 108
, or 5 x 109 cells mr 1

) in adhesion buffer solutions under constant 

stirring (90 rpm) with a specially designed two-blades stirrer, while the reference 

ampoules were filled with 1.5 ml adhesion buffer. The ampoules were lowered 
gradually in the microcalorimeter and left in the measuring position to reach thermal 
equilibration before data collection started. After equilibration, a stable baseline was 

obtained and the salivary proteins, dissolved in a buffer identical to the one of the 
bacterial suspension, were titrated into the reaction ampoules. Titration was done at a 
controlled rate of 2 µI s· 1 via a stainless steel cannula connected to a syringe. In order 
to study possible saturation of adsorption sites, salivary proteins were added in four 
consecutive injections of 60 µI into the ampoule with intervals of 40 min. All 
calorimetric experiments were done in five-fold. 

Determination of the amount of protein adsorbed 

Protein adsorption to the bacterial cell surfaces was determined in an ampoule outside 

the microcalorimeter, under identical conditions to those applied in the calorimeter. 
After each injection of salivary proteins solution, the bacterial suspensions were 

allowed 40 min incubation time, and then centrifuged at 10,000g for 5 min. The 
concentration of salivary proteins in the suspension, i.e. the amount of proteins that 
was not adsorbed, was determined by spectrophotometry at 280 nm. Subsequently, the 
amount of adsorbed salivary proteins was derived from a mass balance, i.e., by 
subtracting the amount of salivary proteins in the supernatant from the amount of 

proteins originally injected into the bacterial suspension. As a blank, a bacterial 
suspension was centrifuged without salivary proteins added. 

Results 

Calorimetry 

Adsorption enthalpies of the salivary proteins to the S. mutans cell surfaces, after 
correction for the heat of diluting the proteins in the bacterial suspensions (see Table 
1 ), are presented in Fig. 1. The cumulative adsorption enthalpies after four consecutive 
injections are shown in Table 2, as expressed per bacterium and per m2 bacterial cell 
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Table I. Heat effects (µJ) upon injections of 60 µI salivary protein solution ( 1 .4 mg ml" 1 ) into 1 .5 ml 

adhesion buffer solution. ± denotes the SD over five separate experiments. 
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Figure 1. Adsorption enthalpies (µJ), after correction for dilution effects, of salivary proteins 
to S. mu tans cell surfaces upon consecutive injections of 60 µI salivary protein solution ( I .4 
mg ml" 1 ) into 1 .5 ml bacterial suspension of 
(A) S. mutans LTl 1 at pH 6.8 
(8) S. mutans L T l  1 at pH 5.8 
(C) S. mutans 1803987 at pH 6.8 
(D) S. mutans 1803987 at pH 5.8 
c•) 5 X 1 09 bacteria per ml, (0) 5 X 108 bacteria per ml, (T) 5 X 1 07 bacteria per ml. 
Error bars indicate standard deviation based on five independent measurements. 
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surface. Metabolic activity of the bacteria will cause negligible heat effects, as all 

experiments were done in buffer, in the absence of nutrients. Salivary protein 
adsorption to the bacterial cell surfaces is an exothermic process in all cases, i.e. 

enthalpy is released upon adsorption. Adsorption of salivary proteins to S. mutans 
LT] I with antigen I/II is enthalpically much more favorable than to S. mutans 

IB03987, regardless of bacterial concentration. However, for S. mutans L T l  I a 
hundred-fold increase in bacterial concentration only yielded a four- to five-fold 
increase in adsorption enthalpy at pH 6.8 and pH 5.8, respectively (see Fig. 1). 
Consecutive injections of saliva into S. mu tans LT I I suspensions resulted in a 

significant decrease in adsorption enthalpy, suggesting fast saturation of binding sites 
at the bacterial surface by salivary proteins, whereas the smaller adsorption enthalpies 
for S. mutans IB03987 are almost independent of the number of injections. 
Furthermore, it is of interest to note that the adsorption enthalpy of salivary proteins to 

S. mu tans L Tl  I is considerably smaller at pH 5 .8 than at pH 6.8. 

Adsorption of salivary proteins 

Fig. 2 shows the amount of proteins adsorbed to the bacteria present in 1.5 ml 
suspension for each injection. The data indicate that upon the first injection, the 
bacterial surface is almost saturated with proteins, and furthermore, that the LTI I 

strain adsorbs more proteins than the IB03987 strain. The cumulative adsorption of 
protein after four consecutive injections expressed per bacterium and per m2 bacterial 

cell surface is summarized in Table 3. The data for S. mutans LT 11 show considerable 
protein adsorption at pH 6.8, which decreases only slightly at pH 5.8. To facilitate 
physical interpretation, the curves of Fig. 2 are converted into adsorption isotherms, 
displayed in Fig. 3, where the amount of protein adsorbed, r , expressed in mass per 

unit of surface (mg m·2) is plotted against the protein concentration in solution, cP (mg 

mr 1
), after adsorption. The isotherms show different patterns for S. mutans L Tl  I and S. 

mutans IB03987: 

32 



l,J 
l,J 

Table 2 .  Cumulative ad sorption enthalpie s per bacterium (10-9µ1) and per m 2 bacterial cel l sur face (m J )  a fter four con secutive in jection s of 60 µl 
salivary protein solution (1.4 mg m r 1 ) into 1.5 ml bacterial su spen sion s of di fferen t bacterial concentration s. ± denote s the SD over five separate 

e xperimen ts. 

C • Cumulative adsorption enthalpies per bacterium (10-9p.i.J) Cumulative adsorption enthalpies per m2 (mJ) oncentratmn 
( er ml) S. mutans LTll S. mutans IB03987 S. mutans LTll S. mutans IB03987 
p pH 6.8 pH 5.8 pH 6.8 pH 5.8 pH 6.8 pH 5.8 pH 6.8 pH 5.8 
5 x l OTJ 

5 X 108 

5 X 107 

-2073 ± 97 -614 ± 41 

-12500± 1268 -293 ± 101 

-31707± 976 5867 ± 844 

-165 ± 48 

-1061 ± 283 

-60 ± 75 

237 ± 142 

-660 ± 31 

-3981 ± 404 

-1107 ± 638 7853 ± 1011 -10098 ±311 

-196 ± 13 

-93 ± 32 

1872± 269 

* for calculation of the ad sorption enthalpie s per m 2, it wa s a ssumed that the bacterial cell radiu s wa s 0.5 µm . 
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Figure 2 .  Amounts of adsorbed saliva� proteins (mg mr 1 ) upon consecutive injections of 60 
µI salivary protein solution ( I .4 mg mr ) into 1 .5 ml bacterial suspension of 
(A) S. mutans L Tl I at pH 6.8 
(B) S. mutans L Tl I at pH 5.8 
( C) S. mutans IB03987 at pH 6.8 
(D) S. mutans IB03987 at pH 5 .8 
(e) 5 x l 09 bacteria per ml,  (0) 5 x I 08 bacteria per ml,  (T) 5 x I 07 bacteria per ml. 
Error bars indicate standard deviation based on five independent measurements. 

a. the (semi-)plateau value of the isotherm is about twice as high for S. mu tans LT 1 1  

than for IB03987; 
b. the (semi-)plateau for S. mutans L T l  I at pH 5.8 is slightly smaller than at pH 6.8, 

whereas for S. mutans 1803987 there is no significant difference between the 
plateaus of the isotherms at both pH-values; 

c. the (semi-)plateau is reached at a lower protein concentration for S. mutans L Tl  1 

than for IB03987. 
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Table 3. The cumulative amounts of adsorbed proteins per bacterium ( I 0· 1 2 mg) and per m2 bacterial cell surface (mg m·2) after four consecutive 
injections of 60 µI salivary protein solution ( I  .4 mg mr 1 ) into 1 .5 ml bacterial suspension of different bacterial concentrations. ± denotes the SD 
over five separate experiments. 

Concentration Cumulative adsorption per bacterium {10.J!mg) 
(per ml) S. mutans L Tll S. mutans IB03987 

pH6.8 pH5.8 pH6.8 pH5.8 
5 X 109 

3.8 ± 0.7 3.3 ± 0.5 0.5± 0.2 0.5 ± 0.2 
5 X 108 

5.4 ± 1.2 4.2± 1.0 1.1 ± 0.9 1. 1 ± 1.4 
5 X 107 

6.6 ± 1.9 5.0 ± 1.6 3.4± 2.6 1.8 ± 4.6 

Cumulative adsorption per m2 {mg m·2) 
S. mutans L Tll S. mutans 1B03987 

pH6.8 pH5.8 pH6.8 pH5.8 
1.2 ± 0.2 1.1± 0.2 0.2 ± 0. 1 0.2 ± 0. 1 
1.7 ± 0.4 

2 . 1± 0.6 

1.3 ± 0.3 

1.6 ± 0.5 

0.4± 0.3 

1. 1± 0.8 

0.4 ± 0.4 

0.6 ± 1.5 
* for calculation of the adsorbed amounts per m\ it was assumed that the bacterial cell radius was 0.5 µm. 
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Figure 3. Adsorption isotherms of the amount of adsorbed proteins per unit area bacterial cell 
surface (mg m-2) as a function of the concentration of free protein in solution (mg mr 1

) after 
consecutive injections of salivary protein solutions ( 1 .4 mg mr') into 1 .5 ml bacterial 
suspension of 
(A) S. mu tans LT 1 1  at pH 6.8 
(B) S. mutans LT! 1 at pH 5.8 
(C) S. mutans IB03987 at pH 6.8 
(D) S. mutans IB03987 at pH 5.8 
(e) 5 x 1 09 bacteria per ml, (0) 5 x 1 08 bacteria per ml, (T) 5 x 1 07 bacteria per ml. 
Error bars indicate standard deviation based on five independent measurements. 

Discussion 

Bacterial adhesion and aggregation m the oral cavity are mediated by salivary 

components, especially proteins (Kashket and Donaldson, 1972). In adhesion and 

aggregation involving biological surfaces, two types of interactions may be 
distinguished: (a) non-specific binding based on e.g. electrostatic and Lifshitz-Van der 
Waals interactions, and hydrophobic effects and (b) specific binding based on strong, 
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short-range interactions, such as ligand-receptor binding (Gibbons and Querishi, 1979). 

Petersen et al. (2002) investigated the role of the S. mutans antigen 1/11 proteins in 

adhesion and modulation of cell surface characteristics and showed that the antigen I/II 
of S. mutans is involved in adhesion of the bacterial cells to a salivary conditioning 
film. 

In this study, we investigated the mechanism of interaction between salivary 

proteins and two S. mutans strains, one with antigen 1/11 and another one without 
antigen 1/11 on its cell surface, in more detail. The observation in Fig. 1 that the 

interaction of salivary proteins with S. mutans L T l  l is enthalpically much more 

favorable than with S. mutans IB03987 is in line with the known active involvement of 

antigen 1/11 in the binding process. Clearly, some of the salivary proteins bind 

specifically and with high enthalpy to antigen I/IL The trends in the curves of Figs. I A  
and 1 B reveal that these specific binding surfaces are saturated after the second or 

third addition of salivary proteins. It is remarkable that a 100-fold increase in bacterial 

concentration leads to only a four-fold (S. mutans L Tl  1, pH 6.8) or five-fold (S. 
mutans LTl l ,  pH 5.8) increase in interaction enthalpy. This might be caused by 

depletion of the saliva from specific binding proteins before all available antigen 1/11 
binding sites are saturated. Furthermore, the smaller enthalpy effects at pH 5.8 as 

compared to those at pH 6.8 indicate a prominent role of electrostatic interaction. 
Because specific interactions are usually of the short-range type, the electrostatic 

attraction probably involves ion pairing. More detailed interpretation is not justified as 

long as the charged groups on the antigen 1/11, and the proteins that participate in the 
binding process are not identified. 

The adsorption data are in agreement with the calorimetric results. The 

adsorption isotherms in Fig. 3 clearly show that the S. mutans L T l  1 strain possessing 
antigen 1/11 binding sites at its surface binds higher amounts of proteins and with 
higher affinity than the IB03987 strain does. Similar to the calorimetric data, the 

adsorption isotherms indicate that protein binding at L Tl I at pH 6.8 is more favorable 
than at pH 5.8. Tamura et al. (1999) also found that the amount of salivary proteins 
adsorbed at cells of Streptococcus mitis ATCC 903 is at a maximum at pH 7.0, and 

falls off as pH decreased. As a change in pH varies the charge on the proteins as well 
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as on the bacterial surfaces, Tamura's  and our results indicate that adsorption is 

strongly influenced by electrostatic interactions. In model studies, the protein surface 
concentration that is compatible with the formation of a full monolayer is in the range 

of a few mg m-2, the exact value depending on the size and shape of the protein 
molecule involved (Haynes and Norde, 1994). Hence, the adsorbed amounts of 
salivary proteins at the bacterial surfaces do not seem to exceed monolayer coverage 
or, in case of adsorption at the cells of S. mutans 1803987, reflect sub-monolayer 
coverage. Thus, both our calorimetric data and adsorption isotherms strongly confirm 
the mediating role of antigen I/II in the binding of salivary proteins to the surfaces of S. 
mutans cells. 

Of course, the negative value of �H per bacterium is expected to increase with 
increasing protein coverage (i.e., with increasing saturation of the energetically 
favorable binding sites). This is indeed shown for the antigen I/II possessing S. mutans 
L T l  1 strain at pH 6.8. For S. mutans 1803987, without antigen I/II, protein adsorption 
is essentially a-thermal, i.e., �H :::: 0. It implies that the driving force for the non

specific adsorption of salivary proteins at the surface of S. mutans 1803987 is entropy 
increase (�S > 0). Entropy-driven adsorption has quite generally been reported for 

proteins at non-specifically binding sorbent surfaces (Haynes and Norde, 1994). 
A characteristic feature for the S. mutans LTl I strain is the surface coverage by 

the proteins where �H becomes invariant above that coverage. It marks the transition 

range between specifically and non-specially adsorbing proteins. Fig. 4A shows that at 
about 5 x 10- 12 mg proteins per bacterium, the specifically binding antigen 1/11 sites are 
fully saturated. Another interesting observation is that �H per bacterium is larger 
(more negative) for lower bacterial concentrations in the suspensions. This could be 
well explained by depletion of the energetically most favorably binding protein species 

from the saliva sample. Among the 35 different proteins present in human saliva 
Vitorino et al., 2004), Douglas and Russell (1984) recognized six different proteins 
capable of binding to the surface of S. mutans. Most probably, these proteins bind with 

different energy effects. In case of the lowest bacterial concentration (i.e., 5 x 107 cell 
mr 1

), the total number of available antigen I/II binding sites is so limited that they 
become saturated with the energetically most favorably binding protein. The highest 
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bacterial concentration (5 x 109 cell mr') offers 100 times more binding sites to the 
same amount of saliva sample. Then, a much smaller fraction of the antigen 1/11 

binding sites of the LT 11 strain may become saturated with the strongest binding 

protein species, another fraction with the second strongest binding protein, in that 
order. The result is a lower enthalpy effect per bacterium (under conditions of full 
saturation of the binding sites) for the higher bacterial concentration, as is observed in 
Fig. 4A. 
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Figure 4. Adsorption enthalpies per bacterium (µJ) as a function of the amount of adsorbed 
proteins per bacterium (mg) after consecutive injections of salivary protein solutions (1 .4 mg 
ml" 1) into 1.5 ml bacterial suspension of 
(A) S. mutans L Tl I at pH 6.8 
(B) S. mutans LTI 1 at pH 5.8 
(C) S. mutans IB03987 at pH 6.8 
(D) S. mutans IB03987 at pH 5.8 
c•) 5 X 109 bacteria per ml, (0) 5 X 108 bacteria per ml, (T) 5 X 107 bacteria per ml. 
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Finally, the binding enthalpy for S. mutans L T l  1 in the suspension containing 5 
x 107 cells and at pH 6.8 (i.e., conditions at which all antigen binding sites are 
assumed to be occupied by specifically binding proteins) may be compared with 

literature data on non-specific and specific binding. First, in case of physical, non
specific adsorption of proteins at various surfaces the enthalpy effects reported do not 
exceed a few mJ per m2 (Haynes and Norde, 1994). The adsorption enthalpy of - 104 

mJ m·2 for salivary protein(s) binding at the surface ofLTl 1 is by orders of magnitude 

more favorable in enthalpy and, hence, supports a specific, high-affinity binding 
mechanism. Moreover, assuming -105 antigen I/II binding sites on the S. mu tans L Tl  1 
cell (Busscher et al., 2007), a measured enthalpy effect of - 32 x 10· 1 2  µJ per binding 
site can be calculated, which exceeds the values reported for specific interactions in 
biological s systems (Moy et al., 1994) by far and supports a specific, extremely high
affinity binding mechanism. 

Conclusion 

This study shows that (micro-)calorimetry in combination with binding isotherms, is a 

powerful technique to investigate such a complicated process as the adsorption of 
proteins from a complex mixture ( e.g. saliva) on the surfaces of bacterial cells. It was 
thus assessed that antigen 1/11 at the surface of S. mutans L T l  1 specifically binds 
different protein species with different affinities from the large pool of proteins present 
in whole saliva. This antigen I/II protein binding is strongly influenced by electrostatic 

interactions, as the binding is much more favorable at pH 6.8 than pH 5.8. After 

saturation of the antigen I/II binding sites, the surface of the S. mu tans L T l  1 cells is 

able to adsorb more protein a-thermally (i.e., with zero enthalpy effect) in a non
specific manner, similar to the non-specific adsorption at the antigen I/II-lacking 
surfaces of S. mutans IB03987. 
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Introduction 

Streptococcus mutans, a common inhabitant of the human oral cavity, plays a major 
role in the initiation of dental caries, which is one of most prevalent and costly 
infectious diseases worldwide. The mechanisms by which oral streptococci 
disseminate and contribute to oral diseases involve initial adhesion events to salivary 

protein-coated oral surfaces. Adhesion of S. mutans to salivary protein films has been 

shown to be mediated by different mechanisms (Troffer-Charlier et al., 2002). Long
range, non-specific interaction forces like Lifshitz-Van der Waals and/or electrostatic 
interactions are responsible for the approach of an organism to a substratum surface. 

Once in the close vicinity, specific interactions between the pathogen and components 
of the salivary coating become operative, as mediated amongst others by the 
streptococcal antigen 1/11 protein. 

The antigen 1/11 family of polypeptides is expressed at the cell surface of many 
oral streptococci and plays an important role in their adhesion to surfaces (Jenkinson 
and Demuth, 1997). Antigens 1/11 are multifunctional adhesins that exert diverse 
binding activities, i.e., with salivary glycoproteins, host cell receptors, and soluble 
extracellular matrix glycoproteins. Antigen 1/11 surface proteins in S. mutans play a 
determining role in its adhesion to salivary coatings or pellicles, and strains lacking 
antigen I/II hardly adhere to pellicles (Hajishengallis et al. , 1994; Sciotti et al., 1997; 

Soell et al., 1 994; Petersen et al. , 200 1 ;  Vernier et al. , 1996). 
Atomic force microscopy (AFM) is a surface imaging technique, which 

operates by sensing the force between a very sharp probe attached to a flexible 

cantilever and a sample surface (Binnig et al. , 1986). Recently, AFM has emerged as a 
powerful tool to directly measure the interaction forces associated with biological 

systems in an aqueous environment (Dufrene, 2003). AFM force measurements have 
been further applied to microbial systems, measuring the interaction between bacteria 

and a substratum surface (Bowen et al., 2002). After proper immobilization of a 
bacterium, either to the cantilever tip of the AFM or to an appropriately prepared 
substratum surface, or both, the two interacting surfaces can be brought together. The 
force-distance curve measured upon approach usually shows a repulsive barrier that 
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has to be overcome prior to adhesion, while upon retraction adhesion forces are 

revealed (Van der Mei et al., 2000). When adhering to biomaterial surfaces, cells of 

Enterococcus faecal is strains expressing Aggregation substance (Agg) showed mutual 
attraction forces of about -2.5 nN, which is almost two-fold higher than the interaction 

between cells lacking Agg. The strong interaction forces between the strains with Agg 
reduced after adsorption of antibodies against Agg, demonstrating the influence of 

specific antibodies on forces between E. faecalis cells (Waar et al., 2005). Moreover, 
AFM indicated that a pair of co-aggregating actinomyces and streptococci interacted 

through three- to four-fold higher forces than a pair lacking the ability to co-aggregate 

and that interact through an adhesion force of only 1 nN (Postollec et al., 2006). 

Insight in the forces acting between salivary proteins and streptococcal cell 

surfaces and the role of antigen 1/11 in mediating the interaction has not yet been 
obtained. In this study, we aim at investigating the interaction forces between salivary 

proteins and S. mutans strains with (L T l  I )  and without (IB03987) antigen 1/11 using 
AFM. The AFM tip was coated with salivary proteins and bacteria were trapped in a 

membrane filter. Results are compared with adhesion of the strains to a salivary 
coating on glass in a parallel plate flow chamber. All experiments are done at pH 5.8 

and 6.8 in order to reveal a possible influence of electrostatic interactions. 

Materials and Methods 

Bacterial Strains and Culture conditions 

Two strains of S. mutans (LT l l with antigen 1/11 and an isogenic mutant IB03987 

without antigen 1/11), were used in this study. The bacteria were maintained at -80°C in 
brain-heart infusion (BHI; OXOID, Basingstoke, UK) broth containing 7% 

dimethylsulfoxide (MERCK, Germany). For culturing, S. mutans L T l  1 was plated 
onto BHI agar plates, while S. mutans IB03987 was plated onto BHI agar 
supplemented with 5 µg mr' kanamycine monosulfate (Sigma-Aldrich, Sterinheim, 

Germany) and incubated in 5% CO2 overnight at 37°C. Subsequently, bacterial 
colonies were precultured in 10 ml batch culture for 24 h. This preculture was used to 

inoculate a main culture of 200 ml broth, which was allowed to grow overnight. 
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Bacteria were harvested by centrifugation at 5000 x g for 5 min at I 0°C and washed 
twice with demineralized water. Bacterial chains and aggregates were broken by mild 

sonication on ice for 3 x I O  s at 30 W (Vibra Cell model 375, Sonics and Materials 

Inc., Danbury, Connecticut, USA). Sonication was carried out intermittently while 
cooling in an ice/water bath. This procedure was found not to cause cell lysis in any 
strain. Finally, bacteria were resuspended in adhesion buffer (2 mM potassium 
phosphate, 50 mM potassium chloride and I mM calcium chloride, pH 6.8 or 5.8 as 

adjusted by the addition of HCl) to a concentration of I x 105 cells per ml for AFM 
experiments or 3 x I 08 cells per ml for flow chamber experiments, as determined in a 

Burker-Ti.irk counting chamber. Bacteria were used immediately after harvesting. 

Saliva Collection and Preparation 

Human whole saliva from 20 healthy volunteers of both sexes was collected after 

stimulation by chewing Parafilm, into ice-chilled beakers. After the saliva was pooled 
and centrifuged twice at I 0,000 x g for 5 mm at I 0°C, 0.2 M 
phenylmethylsulfonylfluoride, was added to a final concentration of I mM to inhibit 

protease activity and, hence, to reduce protein breakdown. Afterwards, the solution 
was centrifuged again at I 0,000 x g for 5 min, dialyzed overnight at 4 °C against 
demineralized water, and freeze dried for storage. All volunteers gave their informed 

consent to saliva donation, in agreement with the rules set out by the Ethics Committee 
at the University Medical Center Groningen. 

For experiments, the lyophilized saliva was dissolved in adhesion buffer (pH 
6.8 or 5.8) at a concentration of 6 mg mr 1 for AFM experiments or 1.5 mg mr 1 for 

flow chamber experiments. This solution was centrifuged at I 0,000 x g for 5 min at 

I 0°C and the supernatant was used. 

Atomic force microscopy 

For AFM, bacteria were immobilized in an isopore polycarbonate membrane (Kasas 
and Ikai, 1995), while AFM tips (DNP from Veeco, Woodbury, USA) were coated 
with a salivary film by immersion in reconstituted saliva (6 mg mr 1 in adhesion buffer, 

pH 5.8 or 6.8) for 30 min with the aid of a micromanipulator. All membranes with 
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immobilized bacteria and saliva-coated AFM tips were immediately used for 
measurements. 

AFM measurements were done at room temperature in adhesion buffer using a 

Dimension 3 100 system (Nanoscope III Digital Instrument, Woodbury, USA). An 

array of 32 x 32 force-distances at scan rates of about 2 Hz were collected over the 
entire field of view when a bacterium was imaged (image size ± 2 x 2 µm). The slopes 
of the retraction force curves in the region where probe and sample are in contact were 

used to convert the voltage into cantilever deflection. The conversion of deflection into 

force was carried out as has been previously described by others using a nominal 

spring constant for the saliva-coated tips of 0.06 N m- 1
, as determined by the 

Cleveland method (Cleveland et al., 1993; Dufrene, 2003). Typically, a 20% standard 
deviation is found when calibrating I O  cantilevers. Force-distance curves taken over 
the top of each bacterium studied, were analyzed in order to determine various 

characteristic parameters. Approach curves were fitted to a simple exponential 

function, where the interaction force F is described as 

F =  F0 exp (-d/A) ( 1) 

in which F0 is the repulsive force at zero separation between the interacting surfaces, d 

the separation distance and A the decay length of the interaction force F. 

Adhesion maps were produced from the retracting curves by taking the 

strongest adhesion force detected during retraction at each position as the value for 
adhesion and by plotting that value against x-y position of each force-distance curves. 

Note that the salivary proteins were irreversibly attached to the AFM tips. Tips without 

an adsorbed salivary film typically demonstrated adhesion forces on clean glass of -0.2 
nN, while in the presence of a salivary coating these forces amounted -1.0 nN. Saliva 

coated tips prior to and after 32 x 32 scanning of a bacterial cell surface, demonstrated 
exactly the same forces on clean glass, from which we conclude that if any material 

comes off the tip, this is not influential on the maximal adhesion forces measured. 

From the adhesion maps, a selected area of - 800 x 800 nm2 over the top of each 

bacterium was selected to generate distribution histograms. From these histograms 
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mean, median, mode and range values were calculated for the repulsive force at 

contact upon approach and its decay length as well as the adhesion force upon retract. 
A total of five different bacterial cells from separate cultures were examined for each 
particular case. 

Bacterial adhesion to a salivary film in a parallel plate flow chamber 

The flow chamber (internal dimensions: length x width x height, 175 x 17 x 0. 75 mm) 

and image analysis system have been described in detail previously (Busscher and Van 

der Mei, 2006). Briefly, glass slides (76 x 26 mm) were sonicated for 3 min in a 
surfactant solution (2% RBS 35 detergent in water; Omniclean), rinsed thoroughly 

with tap water, and then washed with methanol, and thoroughly rinsed with tap water 
and finally with demineralized water. Prior to each experiment, all tubes and the flow 
chamber were filled with adhesion buffer solution, taking care to remove all air 
bubbles from the system. Once the system was filled, a bacterial suspension of 3 x I 08 

per ml in buffer was allowed to flow through the system. Bacterial adhesion to the 
bottom glass plate of the flow chamber was determined with a phase-contrast 

microscope (Olympus BH-2) coupled to a CCD-MXR camera (High Technology, 
Eindhoven, the Netherlands) equipped with a x40 ultra-long-working-distance lens 
(Olympus ULWD-CD plan 40 PL). The camera was coupled to an image analyzer 
(TEA; Difa, Breda, the Netherlands). The bottom glass plate was coated with saliva by 

immerging overnight ( 16 h) at room temperature and was used directly for further 
experiments. 

The bacterial flow rate was adjusted to 1.4 ml min-' under the influence of a 
hydrostatic pressure yielding a shear rate of 15 s- 1

• Live images were taken every 1 to 

2 min during the first 30 min and thereafter at 10 to 30 min intervals up to 4 h, where 
after flow was stopped. Each image (512 x 512 pixels, with 8-bit resolution) was 
obtained after summation of 15 consecutive images (time interval I s) in order to 

enhance the signal-to-noise ratio, and to eliminate moving bacteria from the analysis. 

The surface area covered by an image was 0.017 mm2• Adhesion experiments were 
performed five times with separate bacterial cultures. In order to verify whether the 
salivary coatings did not desorb during flow, X-ray Photoelectron Spectroscopy was 
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done on clean glass, and glass prior to and after exposure to flow (no bacteria). The 
N/Si surface concentratio ratio, indicative of the adsorbed protein film thickness, was 
0.0 on clean glass due to the absence of the proteins, and amounted 2.6 and 3 .2 on 

saliva coated glass prior to and after flow, respectively, which demonstrates that there 
is no protein desorption during flow. 

The number of adhering bacteria per unit area n(t) was recorded as a function of 
time by image sequence analysis during 4 h and the affinity of an organism for the 

saliva- coated glass surface was expressed as the initial deposition rate Jo, 
representing the initial increase of n(t) with time. Note that since the initial deposition 

rate is derived only from the initially adhering bacteria, it represents the affinity of the 
organisms for the adsorbed film of salivary proteins without intervening influences of 

interactions between adhering bacteria, as occurs in the number of adhering bacteria 
after 4 h (Busscher and Van der Mei, 2006). After a stationary end-point had been 

reached, an air bubble was passed through the flow chamber in order to obtain an 
indication of the adhesion force of attached bacteria, i.e., their retention capacity. 

Statistical analysis 

Data were analyzed with the Statistical Package for the Social Sciences (Version 1 1.0, 
SPSS, Chicago, Illinois, USA). Descriptive statistics, including mean, median, mode 
and range of the repulsive force at contact (F0) and its Statistical Analysis decay length 

(A) upon approach, as well as the adhesion force (Fadh) upon retract, are presented for 

each bacterial strain. The Wilcoxon signed rank test for the median was used for 

statistical analyses of the AFM force data. A Student's t-test was used to determine 

significant differences in initial deposition rate and adhesion number after 4 h. The 

level of significance was set at p < 0.05. 

Results 

The repulsive force at contact (F0), and its decay length (A) upon approach, as well as 

the adhesion force (F adh) upon retraction for S. mu tans L T l  1 and IB03987 at pH 6.8 

and pH 5.8 are given in Figures 1-3, respectively. As these distributions are clearly 

49 



Cha ter 4 

non-parametric, medians, modes and ranges of these distributions are summarized in 

Table 1. The median of the repulsive forces to be overcome in order to allow for 
contact between the streptococcal cell surfaces and the salivary protein films are 
similar for L T l  1 and IB03987. For both strains, repulsion is significantly smaller at 
pH 6.8 (median 3.0 and 3. 1 nN, respectively) than at pH 5.8 (median 4.6 and 4.7 nN, 
respectively). There were also no significant differences in decay lengths of the 

repulsive forces for both strains, varying between 19 to 37 nm. Upon retraction at pH 
6.8, adhesion forces were significantly stronger for the parent strain LTI I (median -
0.4 nN) than for the mutant IB03987 (median 0.0 nN), whereas at pH 5.8 the median 

of the adhesion forces measured was 0.0 nN for both strains. 
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Figure 1. Distribution of the repulsive force at contact (Fo) for S. mutans L Tl 1 and IB03987 
in the approaching mode of a saliva-coated AFM tip and the bacterial cell surfaces. Each 
histogram involves 200-300 force-distance curves, equally divided over five different bacteria. 

50 



Interaction Forces between Saliva1y Proteins and S. mutans 

Table 1. Median, mode and range of the distributions measured1) for Fo, J\. and Facth for the 
interaction between S. mutans LT! I and an isogenic mutant without antigen I/II, IB03987 
and saliva-coated AFM tips in adhesion buffer at pH 6.8 and 5.8. All experiments were done 
in five-fold with separately prepared saliva-coated AFM tips and different bacterial cultures, 
yielding the indicated number ofN force-distance curves. 

Repulsive force Repulsive force at Adhesion force 
pH parameter range A {nm} contact F0 (nN) Fadh (nN) 

IB03987 LTll LTl l  IB03987 LTl l  IB03987 
Median 3 .0 3 . 1  2 1  19  -0.4 0.0 

6.8 
Mode 1 .7 2.4 19  1 1  -0.3 0.0 

Range 7.2 5.8 52 56 -2.9 -0.4 

N 270 274 274 270 274 270 

Median 4.7 4.6 23 37 0.0 0.0 

5.8 
Mode 3.0 4.2 1 1  46 0.0 0.0 

Range 7.0 8.2 67 66 - 1 .2 -0. 1 

N 260 283 283 260 283 260 

I) distribution functions were made taking class widths of0.05 nN, 0.5 nm and 0.05 nN for F0, 

J\. and Facth, respectively. 
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Figure 2. Distribution of the decay length of repulsive force (J\.) for S. mutans L Tl I and 
IB03987 in the approaching mode of a saliva-coated AFM tip and the bacterial cell surfaces. 
Each histogram involves 200-300 force-distance curves, equally divided over five different 
bacteria. 
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Figure 3. Distribution of the adhesion force (Fadh) for S. mu/ans L Tl I and IB03987 in the 
retracting mode of a saliva-coated AFM tip and the bacterial cell surfaces. Each histogram 
involves 200-300 force-distance curves, equally divided over five different bacteria. 

Fig. 4 shows representative examples of the adhesion kinetics of S. mutans 

L Tl  l and IB03987 to salivary coatings in a parallel plate flow chamber at pH 6.8 and 

pH 5.8. Adhesion kinetics of S. mutans L T l  1 at both pH 5.8 and 6.8 are more or less 

linear during the first 90 min and similar to the kinetics of S. mutans IB03987 at pH 
5.8, while eventually leveling off toward stationary numbers due to blocking of high 

affinity sites. However, for S. mutans IB03987 at pH 6.8, linearity only extends for 

about 30 min. The quantitative features of the adhesion kinetics of both strains are 
summarized in Table 2. At pH 6.8, initial deposition rates of an antigen 1/11 deficient S. 
mutans IB03987 (1441 cm·2s· 1 ) are slightly, but, according to the Student's t-test, 

significantly lower than those of LTI 1 ( 1679 cm·2s- 1
) ,  whereas there were no 

significant differences found between the strains at pH 5.8. In a stationary phase, i.e. 

after 4 h and at pH 6.8, S. mutans IB03987 adhered in much lower numbers to salivary 
coatings under flow (2.5 x 106 cm-2) than the parent strain L T l  1 (9.6 x I 06 cm-2), 
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whereas adhesion to bare glass (see footnote to Table 2), which is not mediated by 
antigen I/II, but by the overall physico-chemical properties of the interacting surfaces, 
is similar for both strains at pH 6.8. The difference in adhesion to salivary films 

between the strains, as existing at pH 6.8, disappeared at pH 5.8. Furthermore, at pH 

6.8 a large fraction ( 45%) of the adhering L Tl I bacteria is not removed from the 
salivary coating by a passing air bubble, which implies strong adhesion. For the 

IB03987 strain at pH 6.8 and both strains at pH 5.8, the strongly adhering fraction is 

only 25%. 
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Figure 4. Representative examples of the adhesion kinetics of S. mutans L T l  1 and IB03987 
to salivary films in a parallel plate flow chamber. 
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Table 2 .  Initial deposition rate (j0), number of adhering bacteria per unit area after 4 h 
deposition (n(t)) and percentage of adhering bacteria detached by a passing air bubble for the 
interaction between S. mutans L T l  I and an isogenic mutant without antigen I/II ,  IB03987 and 
salivary films 1 l in a parallel plate flow chamber from adhesion buffer at pH 5 .8 and 6.8. All 
experiments were done in five fold with separately prepared saliva-coated glass slides and 
different bacterial cultures. ± represents SD over 5 separate experiments. 

Suspen- Initial Number Number of 
sion S. mutans deposition after 4 h strong Detachment 
pH rate (cm-2s-1

) (106cm-2) 
adhesion (%) 
{106cm-2} 

6.8 
LTll 1679 ± 165 9.6 ± 2.3 4.3 ± 0.9 55 ± 9  

IB03987 1441 ± 1 19 2.5 ± 0.7 0.6 ± 0.1 76 ± 2  
5.8 

LTll  1315 ± 28 12.7 ± 1. 1 3.4 ± 0.4 73 ± 3  
IB03987 1258 ± 169 10.5 ± 2. 1 2.5 ± 0.6 76 ± 5 

> control experiments to bare glass at pH 6.8 in the absence of a salivary film demonstrated 
that there was no significant difference between adhesion of both strains after 4 h ( 1 2. 1  ± 2.0 
x 1 06 cm·2 and 1 1 .8 ± I . I  x 1 06 cm·2 for L Tl I and IB03987, respectively). 

Discussion 

In this paper we quantify for the first time the interaction forces between S. mutans 

strains with and without surface antigen I/II and salivary protein films. At pH 6.8, the 
presence of antigen 1/11 was reflected by an elevated adhesion force upon retraction of 

a salivary protein-coated AFM tip away from immobilized bacteria. Concurrently at 

pH 6.8, the strain with antigen 1/11 adhered under flow in higher numbers to salivary 
protein films than the strain without antigen 1/11, whereas in the absence of a salivary 

film, both strains adhered in similar numbers to glass. At pH 5.8, however, there were 

no significant differences between adhesion forces of both strains. Interestingly, AFM 
experiments demonstrated that the repulsive forces to be overcome in order to allow 
contact between the bacterial cells and salivary films do not significantly differ 
between LTl 1 and IB03987. However, the repulsive forces are higher at pH 5.8 than 
at pH 6.8. This is in line with slightly higher initial deposition rates at pH 6.8 
compared to pH 5.8. 

At both pHs, the bacteria are negatively charged. For LTl 1 the zeta potential at 

pH 5.8 is more negative than at pH 6.8, while for IB03987 the zeta potential at pH 5.8 
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is less negative than at pH 6.8 (Petersen et al. , 2002). The salivary protein layer is 

negatively charged as well at both pH 5.8 and 6.8 (Gocke et al. , 2002). According to 
the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the repulsive force scales 

with the product of the zeta potentials of the bacterial cell and the saliva-coated surface. 
Hence, for IB03987 the repulsive force should be stronger at pH 6.8, whereas for 

L Tl I the repulsion is stronger at pH 5.8. However, the experimental data reveal that, 

also in the case of IB03987, the repulsive force is stronger at pH 5.8. Furthermore, in a 
medium of 150 mM potassium chloride, as is the case for the adhesion buffer in our 
experiments, the decay length for electrostatic interaction is about 1.4 nm, which is 
much shorter than the decay length of the experimentally observed repulsive force. 

Therefore, the repulsive force is probably not dominated by electrostatic interactions 

(Norde, 2003), but may also involve a steric component. 
Bacterial adhesion has been described as an interplay between specific and non

specific interaction forces. At pH 6.8, the adhesion experiments carried out measured 

by AFM clearly demonstrate the absence of specific interactions between IB03987 and 
salivary films with a median of the adhesion force of 0.0 nN, which is smaller than the 
combined non-specific and specific interactions between L T l  1 and salivary films 

(median adhesion force -0.4 nN). It is of interest that similar differences in adhesion 

forces between specifically and non-specifically interacting organisms also occur 
when comparing with those of (non-)aggregating E. faecalis, and (non-)co-aggregating 

oral bacterial strains, as mentioned already in the introduction of this paper. 

At pH 6.8, the initial deposition rate and, more so, the number of bacteria 
adhering after 4 h, as well as the percentage of strongly adhering bacteria in the 

parallel plate flow chamber experiments showed good correlation with the adhesion 
force upon retraction measured with AFM. Adhesion of L T l  I after 4 h to salivary 

coatings at pH 6.8 is much higher and stronger (less detachment by a passing air 
bubble) than that of IB03987, which is in line with the stronger adhesion forces 

measured for LT 1 1  upon the forced disruption of a saliva-coated tip from the bacterial 
cell surfaces at pH 6.8. Therewith the presence of antigen I/II adds a specific 

contribution to the streptococcal interaction with the salivary protein film that allows it 
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to remain adhering to salivary coatings under environmental conditions of fluctuating 

detachment forces. 
The approach between two surfaces is always the first step in adhesion and 

occurs in the parallel plate flow chamber through convective-diffusion of bacteria. 

Once close to a surface and within the range of the attractive interaction forces, 
adhesion occurs. In other systems where specific interactions were absent and 
involving bacterial adhesion to inert substrata (Vadillo-Rodriguez et al., 2004), initial 

deposition rates were generally found to increase with decreasing repulsive forces F0• 

Here too, the stronger repulsive forces at pH 5.8 compared to those found at pH 6.8, 
tend to be reflected in lower initial deposition rates, although this difference is not 

significant for IB03987. 
Usually, increased fluid flow results in faster adhesion of microorganisms due 

to increased mass transport, despite the presence of higher fluid shear stimulating their 
detachment. However, when fluid flow exceeds a critical limit, the increased wall 

shear stress prevents further adhesion or even detaches already adhering bacteria. The 
flow rate in our study was adjusted by hydrostatic pressure to 1.4 ml min- 1 yielding a 
shear rate of 15 s- 1 which, for a bacterial cell of 1 µm diameter implies a shear force of 
about 2.5 x 10·5 nN. This indicates that the organisms should minimally be capable to 
interact with a force of 2.5 x 10·5 nN in order to adhere, but stronger interaction forces 
may not be ruled out. Indeed, the adhesion forces derived from AFM are much 

stronger, although it should be emphasized that shear forces operate tangentially with 

respect to the surface, whereas the adhesive forces probed by AFM act perpendicularly 
to a substratum surface. Lift forces due to fluid flow do act perpendicularly to a 

surface as well, but they are generally considered too weak to cause microbial 

detachment (Busscher and Van der Mei, 2006; Sharma et al., 1992). 
The strong adhesion force measured for the adhesion of LT 11  to a salivary 

protein coating at pH 6.8 is in accordance with the highly negative enthalpy measured 
at this pH for the adsorption of salivary proteins on L T l  1 cells. At pH 6.8, the 
enthalpy of adsorption of salivary proteins to the IB03987 is much smaller and similar 
to the enthalpy for adsorption at pH 5.8 to the cells of both strains (Xu et al., 2007). 
This, together with the pH-dependency of the data in the present study indicate that the 
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non-specific contribution is essentially of non-electrostatic nature, whereas the specific 

contribution is mediated by electrostatic charge. 

In conclusion, based on AFM and parallel plate flow measurements, we 
demonstrated the role of antigen 1/11 at the surface of S. mu tans L Tl I in specifically 
binding different salivary proteins and therewith promoting adhesion of this bacterial 
strain to saliva-coated surfaces. This specific contribution is short-ranged and 

mediated by electrostatic interactions, as it is effective at pH 6.8, but absent at pH 5 .8 

pointing to pairing of oppositely charged ions. 
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Schematic Picture 

' Interaction forces between salivary proteins and Streptococcus mutans with and 
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Introduction 

Staphylococcus aureus can adhere to epithelial cells, endothelial cells, fibroblasts 
(Hess et al. , 2006) and plasma exposed biomaterials implant surfaces, causing 

potentially persistent infections. The best described mechanism of S. aureus adhesion 
to eukaryotic cells and other fibronectin coated surfaces involves the fibronectin (Fn) 

binding proteins FnBP A and FnBP B on the surface of S. aureus (Fowler et al. , 2000; 
Greene et al. , 1995). Peacock et al. ( 1999) demonstrated the significant role played by 
the FnBP's by comparing adhesion of different isogenic S. aureus strains to human 

endothelial cells. Moreover, in vitro adhesion of S. aureus strain Wood 46 to Fn
coated surfaces was demonstrated to be inhibited in a dose-dependent manner by anti

Fn antibodies (Vaudaux et al., 1984a; Vaudaux et al., 1984b ). 
At constant temperature and pressure, which is usually the case in biological 

systems, all physico-chemical interactions, including adsorption, adhesion, 

coaggregation and co-adhesion, are determined by changes in the Gibbs energy (G) of 
a system. These interactions can either be evaluated at a macroscopic level, in terms of 

Lifshitz-Van der Waals, electrostatic and hydrophobic forces originating from proteins, 
bacteria or substrata as a whole, or at a more microscopic or even nanoscopic level, 
where they involve highly specific interactions between stereo-chemical surface 
components, such as fibronectin and FnBP's. For a spontaneous process, the change in 
Gibbs energy (�G) is negative. �G is composed of a change in enthalpy (H) and in 
entropy (S), according to 

( I )  

where T is the temperature in Kelvin. The enthalpy tends to reach a minimum value, 
whereas the entropy strives for a maximum. The enthalpy of a system is directly 

related to its heat content. At constant pressure, and if no work other than that related 
to volume change is involved, changes in the enthalpy can be determined as the heat 
exchange between a system and its environment. Direct determination of the entropy, 
however, is practically impossible as it would require counting all conformational and 
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configurational possibilities before and after a process. Many biological processes are 
characterized by strong enthalpy-entropy compensation (Haynes and Norde, 1995), 
that is, they occur spontaneously by virtue of an entropy increase that compensates for 

an unfavorable enthalpy effect, or vice versa. 

The enthalpy of interaction between bacterial cell surfaces and proteins can be 
determined using isothermal titration calorimetry (ITC). ITC measures the enthalpy 
change of formation of a complex at constant temperature. Xu et al. (2007) determined 
the adsorption enthalpies of salivary proteins to Streptococcus mutans using ITC and 

found that S. mutans L Tl 1 with antigen I/II, a cell surface binding protein involved in 

bacterial adhesion to extracellular matrix proteins, yielded a much higher, exothermic 

adsorption enthalpy when mixed at pH 6.8 with saliva than did S. mutans IB03987, 
lacking surface antigen 1/11. It was thus assessed that antigen 1/11 at the surface of S. 
mu tans L Tl  I specifically binds different proteins with different affinities from the 
large pool of proteins present in whole saliva. Furthermore, Busscher et al. (2007) 
used ITC to evaluate the adsorption of a single protein, laminin to these streptococcal 

cell surfaces and found that enthalpy is released upon adsorption of laminin to the 
surface of the parent strain L T l  I ,  but not upon adsorption to IB03987. 

Whereas ITC operates at a macroscopic level, atomic force microscopy (AFM) 
operates at the nanometer level and allows to sense the force between a very sharp 

probe attached to a flexible cantilever and a sample surface and can thus distinguish 

between different functional surface proteins (Binnig et al., 1985). Using AFM, 

differences in interaction forces between protein-coated AFM probes and streptococcal 
strains with and without antigen 1/11 have been measured. Generally upon retraction of 

streptococci from saliva- or laminin-coated probes, stronger forces were observed 
when the streptococcal strain possessed antigen I/II than when they did not. 

The aim of this study is to analyze the role of FnBP's on staphylococcal (S. 
aureus) cell surfaces in their interaction with Fn using ITC and AFM, in particular 

with respect to the role of FnBP's in staphylococcal adhesion to Fn-coated surfaces 

under flow. To this end, we first determined adhesion of a S. aureus wild type strain 
8325-4 and of FnBP's lacking isogenic mutant DU5883 deposited by convective
diffusion on Fn-coated glass slides in a parallel plate flow chamber. Subsequently, the 
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interactions forces between Fn-coated AFM tips and the cell surfaces were compared, 
while furthermore the enthalpies of adsorption of Fn to the surfaces of the S. aureus 
strains were measured. In order to study whether the Fn-binding to the S. aureus is 

specific or not, additional experiments were performed after coating either the 

substrata or the staphylococcal cells with a layer of bovine serum albumin (BSA). 

Materials and Methods 

Bacterial strains and culture conditions 

S. aureus strain 8325-4 and its isogenic mutant lacking FnBP's, DU5883 (kindly 
provided by Dr T.J. Foster, Mayne Institute of Preventive Medicine, Dublin, Ireland), 

were used in this study. The bacterial cells were maintained at -80°C in tryptone soya 
broth (TSB; OXOID, Basingstoke, UK) broth containing 7% dimethylsulfoxide 

(DMSO; MERCK, Germany). For culturing, both strains were plated onto TSB agar 
plates overnight at 37°C. Subsequently, bacterial colonies were precultured in I O  ml 
TSB batch culture overnight under constant rotation. This preculture was used to 

inoculate a main culture of 190 ml TSB. After approximately 2 h of growth to early 
stationary phase, corresponding with peak expression of FnBP's in S. aureus 8325-4 
(Saravia-Otten et al. ,  1997), bacteria were harvested by centrifugation at 6500g for 5 
min at 10°C and washed twice with demineralized water. Bacterial chains and 
aggregates were broken by mild sonication on ice for 3 x 10 s at 30 W (Vibra Cell 

model 375, Sonics and Materials Inc., Danbury, Connecticut, USA). Then bacteria 
were resuspended in phosphate-buffered saline (PBS; 10 mM potassium phosphate and 

0.15 M NaCl, pH 7), to a concentration of 3 x 108 or 5 x 109 per ml for adhesion 

experiments or ITC, respectively, as determined in a Biirker-Tlirk counting chamber. 

In order to block non-specific adhesion sites on the staphylococcal cell surfaces, 
staphylococci were also incubated for 60 min at 37 °C in PBS supplemented with 1% 

BSA. 

Bacterial adhesion to a Fn-coating in a parallel plate flow chamber 

The flow chamber (internal dimensions: length x width x height, 175 x 17 x 0. 75 mm) 
and image analysis system have been described in detail previously (Busscher and Van 
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der Mei, 2006). Briefly, glass slides (76 x 26 mm) were sonicated for 3 min in a 
surfactant solution (2% RBS 35 detergent in water; Ornniclean), rinsed thoroughly 
with tap water, and then washed with methanol, thoroughly rinsed with tap water and 

finally with demineralized water. Prior to each experiment, all tubes and the flow 
chamber were filled with PBS, taking care to remove all air bubbles from the system. 
Once the system was filled, a bacterial suspension of 3 x I 08 per ml in buffer was 

allowed to flow through the system. The bottom glass plate was drop-coated with 0.05 
ml Fn (20 µg mr' ,  human Fn purchased from Sigma-Aldrich BV, Zwijndrecht, The 
Netherlands) for 2 h at room temperature to create a circular Fn-coated region with a 

diameter of I cm. In addition, glass plates were prepared on which non-specific 
adhesion sites were blocked by immersing the entire glass after Fn drop-coating for I 

min in PBS containing I%  BSA and rinsed with demineralized water. 
Bacterial adhesion to the bottom glass plate of the flow chamber was 

determined with a phase-contrast microscope (Olympus BH-2) coupled to a Firewire 
CCD camera (High Technology) equipped with a x40 ultra-long-working-distance 
lens (Olympus UL WD-CD plan 40 PL). Therewith, the surface area covered by an 

image was 3.7 x 10-4 cm2. The sample was switched back-and-forth from the Fn
coated region to the uncoated region. The camera was coupled to an image analyzer 
(TEA; Difa). 

The flow rate during the experiments was adjusted to I .4 ml min· ' under the 

influence of a hydrostatic pressure yielding a shear rate of 15 s· ' .  Live images were 
taken every I to 2 min during the first 30 min and thereafter at I O  to 30 min intervals 

up to 4 h, where after flow was stopped. Each image ( 1392 x 1040 pixels, with 8-bit 

resolution) was obtained after summation of 15 consecutive images (time interval 
0.25 s) in order to enhance the signal-to-noise ratio, and to eliminate moving bacteria 

from the analysis. Adhesion experiments were performed five times with separate 
bacterial cultures. 

The number of adhering bacteria per unit area n(t) was recorded as a function of 
time during 4 h and the affinity of an organism for the Fn coated glass surface was 
expressed as the initial deposition rate jo, representing the initial increase of n(t) with 
time. Note that since the initial deposition rate is derived only from the first adhering 
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bacteria, it represents the affinity of the orgamsms for the adsorbed Fn-coatings 
without intervening influences of interactions between adhering bacteria, as occurs due 

to crowding at the surface, such as after 4 h (Busscher et al., 2007). 

Atomic force microscopy 

For AFM, the negatively charged bacteria were attached through electrostatic 
interactions to a glass slide, made positively charged by pre-adsorption of poly-L
lysine, as described before (Camesano et al., 2000). To block non-specific binding 

sites on the bacterial cell surfaces, the glass slides with attached bacteria were 
immersed for I min into PBS containing 1 % BSA and rinsed with demineralized water. 
AFM tips (DNP from Veeco, Woodbury, USA) were coated with a Fn film by 
immersion for 30 min in Fn (25 µg mr ' in PBS, pH 7) with the aid of a 
micromanipulator. All glass slides with immobilized bacteria and the Fn-coated AFM 
tips were immediately used after preparation. 

AFM measurements were done at room temperature in PBS using a Dimension 
3100 system (Nanoscope IV Digital Instrument, Woodbury, USA). An array of 32 x 

32 force-distances curves with z-displacements of 1 00-200 nm at z-scan rates � 10 Hz 

were collected on top of a bacterium over an area of approximately 300 x 300 nm2
• 

The slopes of the retract force curves, in the region where probe and sample are in 
contact, were used to translate the voltage into cantilever deflection. All AFM 
cantilevers were calibrated to convert deflection into force using resonant frequency 
measurements (Dufrene, 2003; Cleveland et al., 1993). 

Force-distance curves were analyzed in order to yield adhesion maps from the 

retracting curves by taking the strongest adhesion force detected during retract at each 

position as the value for adhesion and by plotting that value against x-y position of 
each force-distance curve. This resulted in an adhesion distribution histogram from 

which median, mode and range values for the adhesion force upon retract were derived. 

A total of three different bacterial cells from separate cultures were examined for each 

particular case. 
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Isothermal titration calorimetry 

The adsorption enthalpy of Fn to the bacterial cell surfaces was measured in a twin
type, isothermal microcalorimeter TAM 2277 (Thermometric, Sweden). The 

calorimeter was positioned in a temperature-controlled environment (20 ± 0.1  °C), 

allowing a baseline stability of± 0.1 µW over 24 h (Nordmark et al. , 1984). The 

instrument had an electrical calibration with a precision better than 1 % and proper 
calibration was regularly checked by measuring the dilution enthalpy of concentrated 
sucrose solutions (Wu et al. , 1996). Experiments were performed isothermally at 25°C 
in stainless steel ampoules of 4 ml. Four ampoules, connected with separate titration 
systems, were used inside the microcalorimeter. The use of a twin-type 
microcalorimeter allows the measurement of the heat (Q) flowing from the reaction 
ampoule as compared with a reference ampoule. The output signal was collected as 

power, P, versus time, t, and was integrated to evaluate the isobaric heat exchange (i.e. 
the enthalpy change) during adsorption, using the dedicated Digitam 4. 1 software 

(Thermometric, Sweden). Notably, the measured heat effect should be corrected by the 
heat of dilution of the proteins to obtain the net adsorption enthalpy (Briggner and 

Wadso, 1991). 

Typically, all four reaction ampoules including the reference ampoule, were 
filled with 1.5 ml of bacterial suspension (5 x 109 cells per ml) in PBS under constant 
stirring (90 rpm) with a specially designed two-blades stirrer. The ampoules were 

lowered gradually into the microcalorimeter and left in the measuring position to reach 

thermal equilibrium before data collection started. After equilibration, a stable baseline 

was obtained and the Fn was titrated into the reaction ampoules. Titration was done at 

a controlled rate of 2 µI s- 1 via a stainless steel cannula connected to a syringe. In order 
to study possible saturation of adsorption sites, Fn (25 µg mr 1

) was added in four 
consecutive injections of 60 µI into the ampoule with intervals of 40 min. All 
calorimetric experiments were done in fourfold. 
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Statistical analysis 

Data were analyzed with the Statistical Package for the Social Sciences (Version I 1.0, 

SPSS, Chicago, Illinois, USA). Descriptive statistics, including median, mode and 
range of the adhesion force (Facth) upon retract, are presented for each bacterial strain. 

The Wilcoxon signed rank test for the median was used for statistical analyses of the 
AFM force data. A Student's t-test was used to determine significant differences in 
initial deposition rates, adhesion numbers after 4 h and interaction enthalpies. The 

level of significance was set at p < 0.05. 

Results 

S. aureus adhesion to Fn films 

Fig. I shows representative examples of the adhesion kinetics of S. aureus 8325-4 and 
DU5883 to Fn-coatings in a parallel plate flow chamber in PBS at pH 7. The adhesion 

kinetics of both S. aureus strains are linear during approximately 4000-5000 s prior to 

leveling off toward stationary numbers. The linear trajectories of the curves are taken 
to calculate the initial deposition rates, as summarized in Table I .  

e 6 
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Figure 1. Representative examples of the adhesion kinetics of S. aureus 8325-4 (e) and 
DU5883 (0) to Fn-films in PBS. 
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Adhesion to bare glass, which is not mediated by FnBP's, but by the overall physico
chemical properties of the interacting surfaces, is similar for both strains. Initial 

deposition rate of a FnBP deficient S. aureus DU5883 to Fn-coated glass is 
significantly (Student t-test, p < 0.05) lower than that of 8325-4, which indicates the 
high affinity of strain 8325-4 for Fn-coatings. Also after 4 h of adhesion, strain 8325-4 
adheres in higher numbers than FnBP's deficient DU5883, but the difference is not 

two-fold anymore as in the initial deposition rates. After exposure of either the Fn
coating or the staphylococci to BSA, initial deposition rates and the numbers of 
bacteria adhering after 4 h decreased significantly for both strains. The values of initial 

deposition rates of the FnBP's deficient S. aureus DU5883 remained lower than those 
of 8325-4 to Fn-coatings exposed to BSA or after the staphylococci were exposed to 

BSA prior to the flow experiments, but these differences are not statistically 

significant. 

Table 1. Initial deposition rates (j0), and numbers of adhering staphylococci per unit area 
after 4 h for S. aureus 8325-4 and isogenic mutant DU5883 without FnBP's in a parallel plate 
flow chamber from PBS at pH 7 to Fn-coatings. In addition, experiments were performed 
after exposure of the substrata or the staphylococci to a 1 % BSA solution. All experiments 
were done in five fold with separately prepared Fn-coated glass slides and different bacterial 
cultures. Average standard deviations over 5 separate experiments amount ± 110 cm-2 s- 1 and 
0.5 x 106 cm-2 over the initial deposition rates and numbers of bacteria adhering after 4 h, 
respectively. 

Initial deposition rate Number after 4 h 
Experiments (cm-2s-1) (106cm-2) 

8325-4 D05883 8325-4 D05883 
Fn-coated glass 2438 1290 7.0 5.2 
Glass 1485 1407 8.4 8.0 
Fn-coated glass + BSA 815 678 5.2 4.4 
Glass + BSA 614 597 5. 1 4.9 
Fn-coated glass* 704 527 3.9 3.5 
Glass* 7 18 598 3.4 3. 1 

* These experiments were carried out with staphylococci exposed to I %  BSA prior to the 
experiments. 

69 



Chapter 5 

Interaction forces between Fn-coatings and the S. a11re11s cell surface 

The distributions for the adhesion force (Fadh) upon retraction for S. aureus 8325-4 and 
DU5883 from Fn-coated AFM tips in PBS are given in Fig. 2. As these distributions 
are clearly non-parametric, medians, modes and ranges of these distributions are 
summarized in Table 2. Upon retraction, median adhesion forces were significantly 
stronger for the parent strain 8325-4 than for the mutant DU5883. Also upon exposure 
of the staphylococci to 1 % BSA, median adhesive forces remained stronger for the 
parent strain 8325-4 than for mutant DU5883 without FnBP's. 
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Figure 2 .  Distribution of the adhesion force (Fac1h) for S. aureus 8325-4 (top panel) and 
DU5883 (bottom panel) for a Fn-coated AFM tip and the staphylococcal cell surfaces in PBS.  
Each histogram involves 2000-3000 force-distance curves, equally divided over three 
different bacteria. Right panel data refer to staphylococci first exposed to I %  BSA. 
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Table 2 .  Median, mode and range of the distribution') of Fadh for the interaction between Fn
coated AFM tips and S. aureus 8325-4 and an isogenic mutant without FnBP's, DU5883 prior 
to and after bacterial exposure to I %  BSA in PBS. All experiments were done in three-fold 
with separately prepared Fn-coated AFM tips and different bacterial cultures, yielding the 
indicated number ofN force-distance curves. 

No BSA 

1 % BSA 

Parameter 

Median 
Mode 
Range 

N 
Median 
Mode 
Range 

N 

Adhesion force Fadh (nN) 
8325-4 DU5883 

-0.7 -0.3 
-0.7 -0.4 
-2.4 -0.7 
3008 2863 
-0.6 0 
-0.6 0 
-0.8 -0.4 
2879 201 1  

I) distribution functions were made taking a class width of 0. 1 nN. 

Enthalpies of adsorption of Fn to S. aureus cell surface 

The measurement of adsorption enthalpies of Fn to the S. aureus cell surfaces requires 

correction for the heat of diluting the proteins in PBS. For four consecutive injections 
of 60 µl of a 25 µg mr' Fn-solution into 1.5 ml of PBS yielded heat effects of, 

respectively, -55, -56, -37 and -37 µJ. Fig. 3 summarizes the adsorption enthalpies 
upon consecutive injections of Fn to the staphylococcal suspensions, after correction 

for protein dilution. Clearly, adsorption enthalpies decrease with the number of 

injections done especially for the parent strain 8325-4 with FnBP's, but no saturation 
of adsorption sites seems to be reached within four injections. The cumulative 
adsorption enthalpies after the four injections are shown in Table 3, as expressed per 

bacterium and per m2 bacterial cell surface. Fn adsorption to the bacterial cell surfaces 

is an exothermic process in all cases, i.e. enthalpy is released upon adsorption. 
Adsorption of Fn to S. aureus 8325-4 with FnBP's is enthalpically significantly more 

favorable than to S. aureus DU5883. After exposure to BSA of S. aureus 8325-4, the 
adsorption enthalpy decreases significantly, but remains larger than those for S. aureus 

DU5883. No significant effect is seen for exposure to BSA on the adsorption enthalpy 

of S. aureus DU5883, lacking FnBP's. 
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Table 3. Cumulative adsorption enthalpies per bacterium { I 0-9µJ) and per m2 bacterial cell 
surface (mJ m-2) after four consecutive injections of 60 µI Fn solution (25 µg mr1 ) into 1 .5 ml 
bacterial suspensions in PBS. Average standard deviations over 4 separate experiments 
amount ± 25 x 10-9 µJ per bacterium and 8 mJ m·2, respectively. 

Cumulative adsorption Cumulative adsorption 
Experiments enthalpies per bacterium enthalpies per m2 

oo-9µJ) (mJ) 
8325-4 D05883 8325-4 D05883 

No BSA - 140 -43 -44 - 14  

1% BSA - 102 -54 -32 - 1 7  

* for calculation of the adsorption enthalpies per m2, i t  was assumed that the bacterial cell 
radius was 0.5 µm. 

Discussion 

In this paper, we compare the interactions mediating adhesion to Fn-coated surfaces of 

two strains of S. aureus, one containing FnBPs and the other one being FnBP-deficient 

by three entirely different techniques. Adhesion of the two strains is determined in a 

parallel plate flow chamber under convective-diffusion. In addition, the adhesion 

forces to Fn-coated AFM tips were measured as well as the adsorption enthalpies of Fn 

to the staphylococcal cell surfaces. In general, adhesion of the strain with FnBP's to 

Fn-coated substrata is higher than of the strains deficient of FnBP's and, in line, 

adhesion forces and adsorption enthalpies are higher. Surprisingly, however, 

adsorption of BSA to either the Fn-coated substrata or the staphylococcal cell surfaces 

with the purpose of blocking non-specific adhesion/adsorption sites, also obstructs the 

accessibility of the FnBP's on strain 8325-4 during convective-diffusional mass 

transport, as, in this case, adhesion approaches the one of the FnBP-deficient strain 

DU5883 . 

AFM demonstrates involvement of relatively strong specific contributions in 

the interaction between the FnBP's-containing S. aureus 8325-4 strain and a Fn-coated 

tip as compared with the FnBP's deficient strain DU5883. It is remarkable that, unlike 

for the initial deposition rate in the parallel plate flow chamber, bacterial exposure to 

BSA hardly affects the adhesion force measured by AFM. This could be due to the 
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forced nature of the contact between the bacterial cell surface and the adsorbed 
fibronectin. Possibly, even in the presence of adsorbed BSA, forced contact between 
the Fn-coated AFM tip and the FnBP's containing bacterial cell surface, as is 
established prior to retracting the AFM tip, allows penetration of the tip into the 
adsorbed protein mass yielding specific FnBP-Fn interactions. Interestingly, the 

median adhesion force between the Fn-coated AFM tip and the S. aureus 8325-4 cell 

surface of about -0.6 to -0.7 nN corresponds extremely well with identically measured 

(Yongsunthon et al., 2007) adhesion forces for 15 different tissue-invasive S. aureus 
isolates (0.57 ± 0.05 nN) and is about two-fold higher than for 15 non-invasive control 

isolates (0.29 ± 0.05 nN). 
The enthalpy changes associated with the interaction between Fn and the S. 

aureus cells are all exothermic, but they differ markedly between the two strains, as 
shown in Fig. 3 and Table 3. For the FnBP-deficient DU5883 strain the enthalpy 
change is essentially the same for each injection step, as is to be expected for non

specific adsorption in the sub-saturation range. Assuming that the staphylococcal cell 
diameter equals I µm, it can be calculated that in the ITC ampoule there is 23.6 x 10-3 

m2 of bacterial surface area available for adsorption. Since each fibronectin injection 

adds 1.5 x I 0-3 mg Fn, the maximal cell surface coverage by fibronectin after 4 
consecutive injections amounts 0.25 mg Fn per m2 bacterial cell surface, which is far 
below the saturation limit by non-specifically adsorbed Fn, which would amount to at 

least a few mg m-2 (Sousa et al., 2007). Assuming that all Fn added is adsorbed, the 

cumulative enthalpy effect measured of-14 mJ m-2 corresponds to -2.3 x 10- 1 7  J per Fn 
molecule, as calculated using a molar mass of 250 kDa. Taking into account the large 

molar mass of Fn, this value is quite reasonable when compared with enthalpy effects 

reported for non-specific adsorption of various proteins to different surfaces (Haynes 

and Norde, 1994). The enthalpy effects measured for the FnBP's containing 8325-4 
strain are more exothermic than for the FnBP-deficient DU5883 strain. This indicates 
involvement of enthalpically favorable specific Fn-binding sites. The downward trend 

of the interaction enthalpy with consecutive injection steps, displayed in Fig. 3 (left 
panel), suggests that not all specific binding sites are equally favorable, or, 

alternatively, that they become gradually saturated, so that for each subsequent 
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addition a smaller fraction of Fn binds to FnBP's on the cell surface. Assuming that all 
Fn added during the first injection binds to FnBP, the measured -250 µJ corresponds to 
-4 1. 7 x 103 kJ per mol Fn. This value seems extraordinary high, and is about 300x 

higher than the enthalpy of the biotin-streptavidin interaction (Moy et al., 1994). 

However, it should be realized that the much larger Fn molecule may interact through 
more binding sites than the number of sites involved in e.g. a single biotin-streptavidin 
interaction. 
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Figure 3. Adsorption enthalpies (µJ), after correction for dilution effects, of Fn to S. aureus 
cell surfaces upon consecutive injections of 60 µI Fn solution (25 µg mr 1) into 1.5 ml 
bacterial suspension of S. aureus 8325-4 (e) and S. aureus DU5883 (0) in PBS. Right panel 
data refer to staphylococci first exposed to 1 % BSA. 
Error bars indicate standard deviation based on four independent measurements. 

Exposure of the bacteria to a BSA solution hardly influences the enthalpy of 

interaction between Fn and the FnBP-deficient DU5883 strain. In contrast, BSA 

exposure of the FnBP-containing 8325-4 strain significantly suppresses the enthalpy of 
interaction with Fn, but not even nearly to the level of non-specific interaction. 
However, the downward trend in enthalpy for the BSA-coated 8325-4 strain (Fig. 3, 

right panel) seems to indicate that for the later Fn injections a smaller fraction of added 
Fn finds FnBP's, as compared to the non-BSA-coated cells. This is completely in line 
with the lack of effects on adhesion forces observed using AFM and attests to the 

forceful contact established during AFM or stirring in the microcalorimeter as 
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compared with the spontaneous and relatively mild nature of the interaction during 

convective-diffusion in the parallel plate flow chamber. 

Conclusions 

The combined use of a parallel plate flow chamber, AFM and ITC has yielded new 
insights in the mechanisms of interaction between S. aureus strains with and without 

FnBP's and adsorbed fibronectin films. Most interestingly, exposure of either Fn

coatings or staphylococcal cell surfaces to BSA, reduces staphylococcal adhesion 
under convective-diffusion, but not their enthalpy of fibronectin adsorption nor the 

adhesion force upon retracting a Fn-coated tip from the staphylococcal cell surface. 
This demonstrates that convective-diffusional mass transport in a parallel plate flow 
chamber represents a milder form of establishing contact than during AFM or stirring 
in a microcalorimeter. 
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Introduction 

Staphylococcus aureus is an extremely versatile pathogen, which can adhere to 
epithelial cells, endothelial cells, fibroblasts as well as to biomaterials surfaces in the 

human body (Lowy, 1998). S. aureus is thought to adhere to eukaryotic cells and 
biomaterials surfaces by interaction with adsorbed host plasma and matrix proteins 
such as fibronectin (Fn), a high molecular weight glycoprotein (approximately 250 
kDa)(Vaudaux et al., 1984). Adhesion to Fn-films involves the fibronectin binding 

proteins (FnBP) A and B on the staphylococcal cell (Fowler et al., 2000; Greene et al., 

1995) and in vitro adhesion of S. aureus strain Wood 46 to Fn-coated surfaces was 
demonstrated to be inhibited in a dose-dependent manner by anti-Fn antibodies 
(Cleveland et al. , 1 993; Dabros and Van de Ven, 1982). 

Initial microbial adhesion is reversible, but over time the bond strength may 

increase and adhesion becomes gradually less reversible. The kinetics of microbial 

adhesion and desorption can be investigated simultaneously in a parallel plate flow 
chamber with in situ observation and real-time image analysis. Moreover, by 

registering the time of arrival and detachment of an adhering microorganism from a 
surface, desorption can be measured as a function of the residence time of an adhering 
organism (Dabros and Van de Ven, 1982; Sjollema et a/., 1 990; Van de Ven, 1989). 

Dabros and Van de Ven (1982) proposed that the desorption rate coefficient of a 
particle adsorbed at time -r and desorbing at time t, i.e. after residing on the surface for 

a time (t--r), changes exponentially from an initial value Po to a final value p00 during 

ageing of the bond with a relaxation time IM according to 

( 1 )  

Meinders et al. ( 1994) applied this equation to  analyze the residence time

dependent desorption of Streptococcus thermophilus B during non-specific adhesion 

from glass, and found that the desorption rate coefficient decreased according to Eq.(1) 
from an initially high value Po (2.5 x 10-3 s- 1

) to an almost negligibly low value p.., (0.1 

x 10
4 s- 1 ) over a time scale of approximately 50 s. Many years later, atomic force 
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microscopy (AFM) was applied to directly measure the strengthening of the adhesion 
force between S. thermophilus B and the silicon nitride (SiJNi4) AFM tip and bond 

strengthening was found to occur by a factor of 2 to 3 to occur over a similar time 

scale as the residence-time dependent desorption (Vadillo-Rodriguez, et al. ,  2004). 
S. thermophilus B adheres to glass utilizing non-specific adhesion mechanisms, 

which are very different from the specific mechanisms applied by S. aureus strains in 
their adhesion to Fn-films. Specific and non-specific mechanisms have been compared 

in different studies with respect to adhesion, adhesion forces and interaction enthalpies 

(Abu-Lail and Camesano, 2006; Busscher et al, 2007; Xu et al. , 2007), but never with 

respect to an influence on residence-time dependent desorption and bond strengthening. 
Therefore, the aim of this study is to determine the residence-time dependent 
desorption of two S. aureus strains with and without FnBp's from Fn-films. In addition, 
residence-time dependent desorption will be compared with AFM analysis of bond 

strengthening between Fn-coated tips and immobilized S. aureus cells. 

Materials and Methods 

Bacterial strains and culture conditions 

S. aureus strain 8325-4 and its isogenic mutant lacking FnBP's, DU5883 (kindly 

provided by Dr T.J. Foster, Moyne Institute of Preventive Medicine, Dublin, Ireland), 
were used in this study. The bacterial cells were maintained at -80 °C in tryptone soya 
broth (TSB; OXOID, Basingstoke, UK) containing 7% dimethylsulfoxide (MERCK, 

Germany). For culturing, both strains were plated onto TSB agar plates overnight at 
37°C. Subsequently, bacterial colonies were precultured in 10 ml TSB batch culture 

overnight on a rotary shaker incubator (150 rpm). This preculture was used to 

inoculate a main culture of 190 ml TSB. After approximately 2 h of growth to early 
stationary phase, corresponding with peak expression of FnBP's on the surface of 
strain 8325-4 (Saravia-Otten et al. ,  1997), bacteria were harvested by centrifugation at 

6500g for 5 min at 10°C and washed twice with demineralized water. Bacterial 
aggregates were broken by mild sonication on ice for 3 x 10 s at 30 W (Vibra Cell 
model 375, Sonics and Materials Inc., Danbury, Connecticut, USA). Then, bacteria 
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were resuspended in phosphate-buffered saline (PBS, I O  mM potassium phosphate and 
0. 15  M NaCl; pH 7) to a concentration of 3 x 1 08 per ml for adhesion experiments, as 
determined in a Biirker-Tiirk counting chamber. In order to block non-specific 
adhesion sites on the staphylococcal cell surfaces, staphylococci were also incubated 

for 60 min at 37°C in PBS supplemented with 1%  bovine serum albumin (BSA). 

Bacterial deposition to a Fn-:film in a parallel plate flow chamber 

The deposition experiments were carried out in a parallel plate flow chamber (internal 
dimensions: length x width x height, 1 75 x 1 7  x 0. 75 mm) equipped with image 
analysis options, as described in detail previously (Busscher and Van der Mei, 2006). 
The bottom glass plate of the flow chamber was drop-coated with 0.05 ml Fn (20 µg 

mr', Sigma-Aldrich BV, Zwijndrecht, The Netherlands) for 2 h at room temperature to 
create a circular Fn-coated region with a diameter of approximately 1 cm on which 
staphylococcal adhesion was monitored. In addition, glass plates were prepared on 

which non-specific adhesion sites were blocked by immersing the entire glass, 
including the Fn-coated region for 1 min in PBS containing I %  BSA. Glass plates 
were rinsed after protein coating with demineralized water. Bacterial adhesion was 
monitored with a phase-contrast microscope (Olympus BH-2) coupled to a Firewire 

CCD camera (High Technology) equipped with a x40 ultra-long-working-distance 
lens (Olympus ULWD-CD plan 40 PL). Therewith, the surface area covered by an 
image was 2.8 x 1 0-4 cm2. 

The flow rate during the experiments was adjusted to 1 .4 ml min·' under the 
influence of a hydrostatic pressure yielding a shear rate of 1 5  s· 1

• During flow 

experiments, 1 5  frames (size 1392 x 1040 pixels) were grabbed every 1 s in order to 
distinguish between adhered and in focus moving bacteria. These frames were 

averaged on a pixel by pixel basis and computer-stored for subsequent offline analysis 
using proprietary software based on the Matlab Image Processing Toolkit (The 

Mathworks, MA, USA). Further analysis consisted of locating the staphylococci on the 
substratum surface and comparison of their positions in a current image with their 
positions in previous images to determine the total number of adhering bacteria n(t) as 
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a function of time and their desorption rate coefficient /J(t-r) as a function of 

residence-time(t-r) (Meinders et al., 1994), according to 

(2) 

where N is the number of images taken, !).ndes(t;) is the number of bacterial desorbing 

between time /;_ 1 and ti and adsorbing between time r;_1_ , and r,-1, and !).nad,(f;-1) is the 
total number of adsorbed bacteria between time r;-1-i and r;-1-

Subsequently, residence-time dependent desorption rates were fitted to Eq.(1) 

to yield the initial and final desorption rate coefficients (/30 and /Jrr, respectively) and 
their relaxation time 11£5. Residence-time dependent desorption rate coefficients were 
determined in three-fold with separate bacterial cultures. 

Atomic force microscopy 

For AFM, the negatively charged bacteria were attached through electrostatic 
interactions to a glass slide, made positively charged through pre-adsorption ofpoly-L

lysine, as described before (Camesano et al. , 2000). AFM tips (DNP from Veeco, 

Woodbury, USA) were coated with a Fn-film by immersion for 30 min in a Fn
solution (25 µg mr' in PBS, pH 7) with the aid of a micromanipulator. All glass slides 

with immobilized bacteria and Fn-coated AFM tips were immediately used after 
preparation. To block non-specific binding sites on the bacterial cell surfaces, the glass 

slides with attached bacteria were also immersed for 1 min into PBS containing I %  

BSA and rinsed with demineralized water. 
AFM measurements were done at room temperature in PBS using a Dimension 

3100 system (Nanoscope IV Digital Instrument, Woodbury, USA). Nanoscope 

imaging software (version 6. 13r l ,  Veeco) was used to analyze the resulting images. 

All AFM cantilevers were calibrated using resonant frequency measurements 
(Cleveland et al. , 1993; Saravia-Otten et al. , 1997) and the conversion of deflection to 

force was carried out as has been previously described by others (DufreAne, 2000). The 
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Figure 1. Representative examples of the desorption rate coefficient P(t-r) as a function of 
residence time (t-r) for 
(A) S. aureus 8325-4 from Fn-film 
(B) S. aureus DU5883 from Fn-film 
(C) S. aureus 8325-4 from BSA coated Fn-film 
(D) S. aureus DU5883 from BSA coated Fn-film 
(E) BSA coated S. aureus 8325-4 from Fn-film 
(F) BSA coated S. aureus DU5883 from Fn-film 
in PBS in a parallel plate flow chamber. 

repulsive force at contact after approach and the adhesion force F0 upon retract were 
registered. Retracting of the tip from the bacterial surface was carried out after O and 2 

s contact time between the AFM tip and staphylococcal cell surface. Retract curves 

were integrated to yield the bond strength energy for the two surface delay times 
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evaluated. A total of three different bacterial cells were examined for each particular 
case, yielding 30 force-distance curves. 

Statistical analysis 

Data were analyzed with the Statistical Package for the Social Sciences (Version 1 1.0, 

SPSS, Chicago, Illinois, USA). Median values of the repulsive force at contact (F0) 

upon approach, the adhesion force (F adh) upon retract, as well as of the bond strength 

energy, are presented for each bacterial strain. The Wilcoxon signed rank test for the 

median was used for statistical analyses of the AFM data. A Student's t-test was used 
to determine significant differences in the initial and final desorption rate coefficients, 

and their relaxation time. The level of significance was set at p < 0.05. 

Table I. Mean values for the initial (/30) and final desorption rate coefficients (/3,.,) together 
with the relaxation time for bond ageing { li e>)  for S. aureus 8325-4 with FnBp's and isogenic 
mutant DU5883 without FnBP's from Fn-coatings. Experiments were performed prior to and 
after exposure of the substrata or the staphylococci to a 1 % BSA solution. All experiments 
were done in three fold with separately prepared Fn-films and different bacterial cultures. 

Substratum 
Initial desorf tion 
rate 10- s-1 

Final desorption 
Rate 00 10-3 s-1 

8325-4 DU5883 8325-4 D05883 
Fn-coated 1 92 ± 52 1 1 6 ± 48 0.5 ± 0.2 0.5 ± 0.4 1 .8  ± 0.4 1 .7 ± 0.3 lass 
Fn and 
BSA-coated 1 268± 29 1 1 60 ± 42 0.5 ± 0. 1  0.4 ± 0. 1 1 . 1  ± 0.6 1 .7 ± 0.5 
lass 

Fn-coated 946 ±1 1 2  352 ± 1  0.4 ± 0. 1 0.4 ± 0.0 1 . 1  ± 0. 1  1 .5 ± 0. 1 lass* 

* These experiments were carried out with staphylococci exposed to 1 % BSA prior to the 
experiments. 
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Results 

Residence time dependent desorption of S. aureus from Fn-films 

Fig. I shows representative examples of the residence-time dependent desorption of S. 

aureus 8325-4 and DU5883 from Fn-coatings. Table 1 summarizes the quantitative 

features of these graphs. Desorption rates decrease with increasing residence-times for 
both strains, regardless of the absence or presence of a BSA-coating on the surfaces. 
Initial desorption rate coefficients (/30) from Fn-films are similar for S. aureus 8325-4 

with FnBp's as for S. aureus DU5883 without FnBp's, but blocking non-specific 
binding sites, either on the bacterial cell surface or on the Fn-film, results in higher 

initial desorption rate coefficients; the increase is much stronger for the strain with 

FnBp's than for the strain without FnBp's (Student t-test, p < 0.05). Final desorption 
rate coefficients (/J�) are similar for both strains without significant influences of 
additional BSA-coatings and bond ageing occurs over a time-scale of 1 to 2 s. 

Bond strengthening behveen Fn-coatings and S. a11re11s cell surfaces 

Fig. 2 and 3 show examples of force-distance curves measured with AFM for both 
strains and an Fn-coated AFM tip, in the absence and presence of additional BSA
coatings, respectively, while their quantitative features are presented in Table 2. The 
repulsive force at contact F0, is significantly (p < 0.05) stronger for S. aureus 8325-4 
with FnBp's than for S. aureus DU5883, both for a 0 s as well as for a 2 s surface 
delay. Blocking of non-specific binding sites on the staphylococcal cell surfaces has 
little (S. aureus DU5883) or no (S. aureus 8325-4) influence on the repulsive force 

upon approach. However, upon retract, median adhesion forces were significantly 

stronger after a 2 s surface delay than when measured immediately, i.e. with a 0 s 

surface delay. There is no significant difference in adhesion forces between the two 
strains. Interestingly, the range over which the adhesion forces are operative differs 
considerably between the different conditions applied, which translates in significant 

differences in bond strength energies. Initial bond strength energies of S. aureus 8325-

4 with FnBp's are significantly (p < 0.05) higher than for S. aureus DU5883 without 
FnBp's, regardless of exposure of the staphylococci to a 1 % BSA solution. Both 
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strains show a significant increase in bond strength energy when the surface delay time 
is increased from O to 2 s by a factor 2 to 3 for S. aureus 8325-4 and even more (factor 
4 to 5) for S. aureus DU5883. Furthermore, after a surface delay time, effects of BSA 

exposure of the staphylococci on bond strength disappear. 
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Figure 2 .  Representative examples of force-distance curve between an Fn-coated AFM tip 
and staphylococcal cell surfaces. 
(A) S. aureus 8325-4 after O s surface delay 
(B) S. aureus DU5883 after O s  surface delay 
(C) S. aureus 8325-4 after 2 s surface delay 
(D) S. aureus DU5883 after 2 s surface delay 
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Table 2. Median values for the repulsive forces at contact Fo upon approach, adhesion force 
Fadh upon retract and associated bond strength energies for the interaction between Fn-coated 
AFM tips and S. aureus 8325-4 and an isogenic mutant without FnBP's, DU5883 prior to and 
after bacterial exposure to 1 % BSA. All experiments were done in three-fold with separately 
prepared Fn-coated AFM tips, yielding thirty N force-distance curves. 

Delay Repulsive force at Adhesion force Bond strength 
time Treatment contact F0 {nN} Fadh {nN} energI {10-16J) 
(s) 8325-4 D05883 8325-4 D05883 8325-4 D05883 

0 No BSA 9.3 6.0 0.7 0.6 98 32 
1% BSA 9.4 3.6 0.6 0.5 64 2 1  

2 No BSA 8.9 6.0 1 .5 1 .7 1 87 1 8 1  
1% BSA 8.7 4.2 1. 1 1 . 1  1 76 149 
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Figure 3. Representative examples of force-distance curve between an Fn-coated AFM tip 
and staphylococcal cell surfaces after exposure of the staphylococci to a 1 % BSA solution. 
(A) S. aureus 8325-4 after O s  surface delay 
(B) S. aureus DU5883 after O s  surface delay 
(C) S. aureus 8325-4 after 2 s surface delay 
(D) S. aureus DU5883 after 2 s surface delay 

88 



Bond Ageing in S. aureus Adhesion 

Discussion 

This paper compares bond ageing in the adhesion of two S. aureus strains with and 
without FnBp's to an Fn-coated surface. Strengthening of the bond is evident from the 
chamber as well as from a comparison of the adhesion forces and adhesive bond 
strength energies measured after O and 2 s surface delays in AFM. 

First of all, it is interesting to note that desorption of S. thermophilus from glass 

surfaces (Meinders et al., 1994) follows completely different kinetics than the two 
staphylococcal strains studied here. Adhesion of S. thermophilus to glass proceeds in 

the full absence of specific contributions to the adhesion process, while adhesion to 
Fn-films of at least S. aureus 8325-4 is expected to be dominated by specific 

contributions (Xu et al., in preparation; Y ongsunthon et al., 2007). Desorption rate 
coefficients decrease by a factor of 250 in non-specific S. thermophilus adhesion, but 

by a factor of 1500 in specific S. aureus adhesion. More strikingly, the larger decrease 
in desorption observed for S. aureus occurs extremely fast within 2 s, while S. 
thermophilus desorption decreases over a time scale of 50 s. Both for S. thermophilus 

as well as for S. aureus, these time constants could be confirmed by independent AFM 
measurements. This suggests that in case of non-specific adhesion, bond ageing may 

involve relatively slow removal of water between the bacterium and the hydrophilic 
glass surface, whereas specific adhesion is a fast "click-on" process of stereo-chemical 

components on the interacting surfaces. 
AFM adhesion forces to Fn-coated surfaces are similar for both S. aureus 

strains. This is unexpected considering their different abilities to bind Fn (Saravia

Otten et al., 1997). Adsorption of Fn is a process occurring at the outermost cell 
surface. However, the Fn-coated AFM tip penetrates into the outermost cell surface. 
Upon penetration, it is clear that both S. aureus strains FnBP's or other adhesins are 
encountered for, also for strain DU5883 generally considered to be devoid of FnBP's 

(Saravia-Otten et al., 1997). However, the spatial distribution of FnBP's in strain 

8325-4 must be completely different than in strain DU5883, as its adhesion forces 

reach out much further and consequently strain 8325-4 has a higher Fn-bond strength 

energy than strain DU5883. The suggestion that the penetrating tip reveals hidden 
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FnBP's is also corroborated by the observation that BSA-coating of the staphylococci 
significantly increases their initial desorption with little effect on the AFM probed 
adhesion forces. Under the conditions of convective-diffusion prevailing in the parallel 

plate flow chamber, it can be envisaged that bacteria land mildly at the substratum 
surface, therewith invoking interaction with only the outermost region of the cell wall. 
Contrarily, the penetrating AFM tip senses similar bond strength energies with no 
influence of an adsorbed BSA-film over the cell surface. Mendez-Vilas et al. (2006; 
2007) has suggested that a penetrating AFM tip may cause irreversible damage to the 
inner cell surface, as concluded from saw-tooth patterns in the force-distance curves at 

close approach. As we observed no such patterns in our force-distance curves (see Figs. 
2 and 3 ), it is considered unlikely that the AFM tip has caused such cell surface 
damage. Moreover, we also regularly checked whether interaction of our Fn-coated 

tips with clean glass yielded the same force values, and this was always the case within 
one series of experiments. In this respect it is important to note that our initial S. 

aureus adhesion forces, as determined with a Fn-coated tip, are essentially identical to 

those measured in exactly the same way by Y ongsunthon et al. (2007), who reported 
values of 0.57 ± 0.05 nN for 15 different tissue-invasive S. aureus isolates. Fifteen 
non-invasive control isolates had lower adhesion forces of 0.29 ± 0.05 nN, suggesting 

both our strains to be tissue-invasive (Brouillette et al. ,  2003). 
Provided that for a given bacterial strain/surface combination all bacteria adhere 

with the same bond strength, a staphylococcal bond strength energy can also be 
calculated from the desorption rate coefficients measured in the parallel plate flow 
chamber, by applying 

P - jO q,_ kT 
e'ic - -e 

clih 
(3) 

where Pcsc is the desorption rate coefficient,}0 the initial deposition rate, c the bacterial 

cell concentration at the entrance of the flow chamber, �h the width of the energy 
minimum, q,m depth of the energy minimum and kT the energy of thermal motion 

(Meinders et al., 1994; Xia et al., 1994). The initial bond strength energies of our 
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staphylococcal strains to a Fn-film in the absence of a BSA-coating can be calculated 
from the initial desorption rate coefficients and ranges between 3.6 to 3.7 kT. After 
bond ageing, the use of the final desorption rate coefficients yields bond strength 

energies between 9.1 and 9.7 kT. These bond strength energies are comparable to those 

calculated for S. thermophilus. Yet, these bond strength energies are orders of 
magnitude smaller than derived from AFM, and conversion of the bond strength 

energies from Table 2 to a thermal energy scale yields values of around 106 kT. This 
huge number attest to the fact that the penetrating, Fn-coated AFM tip must have 
encountered numerous receptor sites in the cell surface. 

Conclusions 

In conclusion, this paper demonstrates that bond strengthening in the specific adhesion 

of S. aureus strains to Fn-films occurs on a much faster time scale than in non-specific 
adhesion. Times scales of bond ageing as derived from residence-time dependent 

desorption measurements in a parallel plate flow chamber were confirmed by 
independent AFM measurements. Bond strength energies calculated from the retract 

force-distance curves in AFM were orders of magnitude larger than calculated from 
desorption rate coefficients, suggesting that the penetrating Fn-coated AFM tip probes 
multiple receptor sites in the outermost layer of the cell surface, even for S. aureus 

DU5883, generally considered devoid of FnBP's. Mild landing of an organism on a 
Fn-coated substratum as during convective-diffusion in the parallel plate flow chamber 

clearly does not invoke specific interaction with deeper located receptors. 
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Bacterial adhesion plays an essential role in not only the establishment of many natural 

microbial communities, but also in such diverse phenomena as the salubrious or 

pathogenic colonization associated with maintenance of health or disease, phagocytic 

host defense and industrial fouling (Chan et al., 1 985). Therefore, bacterial adhesion is 

of major importance to areas of environmental, medical and industrial interest 

(Costerton et al., 1 995). 

Recent research has provided insight into the mechanisms of some bacteria

protein interactions, revealing complexity and diversity, as described in chapter I .  

Results of the current research, aimed at elucidating protein adsorption to bacterial 

surfaces, are usually explained by the molecular heterogeneity and structural 

complexity of the bacterial surfaces (Buscher et al., 2006; Corrigan et al., 2007; 

Raibaud, et al. 2005). As a consequence, most of the theoretical models trying to deal 

with macroscopic as well as molecular aspects of bacterial adhesion present a 

microscopic approach of the observed phenomena up to a molecular level (Castonguay 

et al. , 2006; Chambless and Stewart, 2007; George et al. , 2007; Girard and Mourez, 

2006; Grare et al., 2007). 

The challenge of this thesis was to present a multiple approach to study 

bacteria-protein interactions, based on the use of a parallel plate flow chamber (PPFC), 

isothermal titration calorimetry (ITC) and atomic force microscope (AFM), to 

characterize interactions operative in initial bacterial adhesion which accounts for non

specific macroscopic as well as specific molecular interactions. 

Techniques Used to Study Bacteria-Protein Interactions 

Interactions involving bacteria and protein(s) are extremely complex and need to be 

assessed by multiple techniques. Three techniques were used to evaluate the 

interaction of bacteria with proteins. PPFC, AFM and ITC were employed to measure 

the probability, the force and the enthalpy of adhesion, respectively. Comparison 

between different techniques applied in this study is not always possible as the 

preparation for the experiments in the PPFC, ITC and AFM differ and also the area 

detected by the various techniques differs in magnitude. Nevertheless, the application 
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of complementary approaches is necessary in order to gain better insight on bacterial 

interactions. It should be emphasized that PPFC and ITC measurements derive average 
behavior from an ensemble of cells (bacterial suspensions of 3 x 108 cells per ml in the 

PPFC and of 5 x 109
, 5 x 108

, or 5 x 107 cells per ml in ITC) and the whole system is 
complex and dynamic, whereas AFM measurements derive the properties of only one 
immobilized cell per time. On the other hand, the contact surface between one 

bacterium and protein(s) in the flow chamber (< 0.8 x 10- 12  m2
) and AFM (< 1.3 x 10-

1 5 m2
) is far smaller than the whole bacterial surface (3.1 x 10- 1 2  m2

) contacted with 

protein(s) in the ITC. Hence, it is inevitable that the results obtained from 

measurements that are based on different principles and different techniques are not 
always consistent. Combination of the three techniques described above is considered 

to be innovative and seems most appropriate to investigate the complicated mechanism 

underlying bacteria-protein interaction. 

Single and Multiple Protein(s)-Bacterium Interactions 

Bacteria-protein interactions are controlled by a complex array of specific and non

specific interactions. Specific interactions between bacteria and proteins are mediated 

by antigens on the bacterial surface called adhesins as e.g. lectins. To investigate these 
specific interactions, single protein and a mixture of proteins have been used to 
interact with both a wild type and a mutant strain, respectively, in our research. Two 

species of organisms were used in our study, i.e., streptococci (Streptococcus mutans 
with and without antigen I/II), and staphylococci (Staphylococcus aureus with and 

without fibronectin-binding proteins). The mutant has less ability to adhere to a protein 
film than the wild type cells in the PPFC at certain conditions, and this ability was 

influenced by factors, such as electric charge (chapter 3 and 4), and the presence of 
proteins ( chapter 5 and 6). 

By comparing the interaction of a mixture of proteins (whole saliva) and a 

single protein (fibronectin) with the bacterial cell surface, a better understanding of the 

operating interaction mechanisms can be obtained. For a single specific binding 
protein as fibronectin, the process is relatively simple as it avoids the influence of 
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other proteins present in the system. However, if multiple proteins are involved as in 

saliva, cooperativity between various proteins may be an important aspect of specific 
binding to surfaces (Ubbink and Schar-Zammaretti, 2007). Adsorption of proteins onto 
bacterial cell surfaces is time-dependent, which can be monitored with ITC during the 

interaction of saliva with the bacteria. According to the "Vroman-effect", the 
adsorption patterns have to be regarded as a result of sequences of adsorption of 
proteins present in high concentrations in the mixture with low affinity and their 
displacement by proteins with higher affinity but present in lower concentration 

(Goppert and Millier, 2005). This is in agreement with the change in enthalpy per unit 

adsorbed salivary proteins, shown in Fig. 4 of Chapter 3: the enthalpy effects for the 

first and second injection are similar, but the adsorbed amount of salivary proteins in 
the second injection is much lower than in the first injection. 

Recommendation for future research 

For future research in bacteria-protein interactions in bacterial adhesion by different 
techniques, e.g. PPFC, ITC and AFM, it is recommended to focus on the interactions 
between purified proteinaceous structures (adhesins) from bacterial cell surfaces and 
single or multiple protein(s). Moreover, the adsorption capacity of different single 
proteins to the bacterial surface might be compared with their adsorption from 
complex mixtures of proteins and the possible displacement of one protein with low 
affinity by another protein with higher affinity should be investigated. This would be 
highly relevant as most biological fluids contain mixtures of different proteins, which 

is reflected in the (transient) composition of adsorbed protein films to which bacteria 
adhere. 
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Bacterial adhesion, is of importance in a large number of different fields, from medical 
microbiology and pathology to food technology, and from environmental engineering 

to biomaterials science. An understanding of bacterial adhesion to various substratum 
surfaces according to theoretical models (see chapter I )  may help in the development 

of new preventive measures to reduce bacterial adhesion. Because in natural 
environments bacteria adhere to protein-covered surfaces rather than to pristine 

surfaces, detailed knowledge of the physical-chemical mechanism of bacterial 
adhesion to protein films is required, which is the aim of this thesis. 

In chapter 2, the main techniques, including the parallel plate flow chamber, 

isothermal titration calorimetry (ITC) and atomic force microscopy (AFM), used in 
this thesis to evaluate the interaction of bacteria with protein-coated substrata, are 

described in detail. These respective techniques are aimed at measuring the probability 
of adhesion, the enthalpy of adhesion, and the force of adhesion at the level of a single 
bacterial cell. 

Antigen 1/11 can be found on streptococcal cell surfaces and is involved in their 
interaction with salivary proteins. In chapter 3, we determine the adsorption 
enthalpies of salivary proteins to Streptococcus mutans L Tl  I and S. mutans IB03987 
with and without antigen 1/11, respectively using isothermal titration calorimetry. In 

addition, protein adsorption to the cell surfaces was determined spectrophotometrically. 
S. mu tans L Tl  I with antigen 1/11, yielded a much higher, exothermic adsorption 

enthalpy at pH 6.8 (ranging from -2073 x 10-9 to -3 1707x 10-9 µJ per bacterium) when 
mixed with saliva than did S. mutans IB03987 (- 165 x 10-9 to - 1 107x 10-9 µJ per 
bacterium) at all bacterial concentrations studied (5 x 109

, 5 x 108
, and 5 x 107 per ml). 

The largest enthalpy effects per bacterium were observed for the lowest concentration. 

However, the enthalpy of salivary protein adsorption to S. mu tans L Tl  I became 

smaller at pH 5.8. Adsorption isotherms for the S. mutans L T l  I showed considerable 
protein adsorption at pH 6.8 ( 1.2 to 2. 1 mg m-2), that decreased only slightly at pH 5.8 
( 1. 1 to 1.6 mg m-2), with the largest amount adsorbed at the lowest bacterial 

concentration. This suggests that the protein(s) in the saliva with the strongest affinity 
for antigen 1/11 is (are) readily depleted from saliva. In conclusion, antigen 1/11 surface 

proteins on S. mutans play a determinant role in adsorption of salivary proteins, 
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especially at pH 6.8 (compared to pH 5.8) through the creation of enthalpically 

favorable adsorption sites. 
In chapter 4, the interaction forces between salivary proteins and S. mutans 

with (L T l  I )  and without (IB03987) antigen 1/11 were investigated using AFM and 

related with the adhesion of the strains to saliva-coated glass in a parallel plate flow 
chamber. Upon approach of a saliva-coated AFM tip toward bacteria, both strains 

experienced a similar repulsive force, that was significantly smaller at pH 6.8 (median 
3.0 and 3.1 nN for LTI I and IB03987, respectively) than at pH 5.8 (median 4.6 and 
4.7 nN). The decay length of these repulsive forces was between 19 to 37 nm. Upon 

retraction at pH 6.8, combined specific and non-specific adhesion forces were 

significantly stronger for the parent strain LTI I (median -0.4 nN) than for the mutant 
IB03987 (median 0.0 nN), whereas at pH 5.8 the median of the adhesion forces 

measured was 0.0 nN for both strains. Moreover at pH 6.8, the parent strain L T l  I 
adhered in significantly higher numbers (9.6 x 106 cm-2) to a salivary coating than the 

mutant strain IB03987 (2.5 x 106 cm-2). Similar to the difference in adhesion forces 
between both strains at pH 5.8, also the difference in adhesion between both strains 
disappeared at pH 5 .8, which suggests the involvement of attractive electrostatic forces 
in the interaction between antigen 1/11 and salivary coatings at pH 6.8. In summary, 

this study shows that antigen 1/11 at the surface of S. mutans L T l  I is responsible for its 

increased adhesion to salivary coatings under flow through an additional attractive 
electrostatic force. 

To obtain a deep understanding of the mechanism of bacteria-protein 
interaction, experiments were also carried out with a single protein rather than with a 

pool of different proteins as in saliva. Fibronectin binding proteins (FnBP's) on 

staphylococcal cell surfaces mediate adhesion of Staphylococcus aureus to 
fibronectin(Fn)-coated surfaces, such as encountered on implants or tissue cells. In 

chapter 5, we compare adhesion of two S. aureus strains with (8325-4) and without 
(DU5883) FnBP's to Fn-coated surfaces in a parallel plate flow chamber. ITC was 

employed to determine the adsorption enthalpies of Fn to the staphylococcal cell 

surfaces, while AFM was used to measure the adhesion forces between the 
staphylococci and Fn-coated surfaces. The staphylococcal strain with FnBP's adhered 
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significantly faster (2438 cm-2s- 1
) to a Fn-coating than the mutant strain without 

FnBP's (1290 cm-2s- ' ). In line, staphylococcal adhesion forces to Fn-coated glass were 
stronger for the parent strain with FnBP's (median -0.7 nN) than for the mutant 

without FnBP's (median -0.3 nN). In addition, the adsorption enthalpies of Fn to the 
cell surfaces were exothermic and higher (-140 x 10-9 µJ per bacterium) when the 
strain possessed FnBP's than when the strain lacked FnBP's (-43 x 10-9 µJ per 
bacterium). After exposure of either Fn-coatings or staphylococcal cell surfaces to 
bovine serum albumin (BSA), the parent and mutant strain behaved similarly with 

respect to their adhesion to Fn-coated glass, suggesting that BSA blocked specific 
interactions both through adsorption to the Fn-coating or to the staphylococcal cell 
surface. However, adhesion forces and adsorption enthalpies were largely unaffected 
by BSA adsorption. This implies that under the mild contact conditions of convective
diffusion in the parallel plate flow chamber, adsorbed BSA inhibits specific 
interactions to occur, but the forced contact during AFM or stirring in the 

microcalorimeter allows interaction between FnBP's and fibronectin, despite an 
adsorbed BSA film. 

In chapter 6, we compare the residence-time dependent desorption of two S. 

aureus strains with (8325-4) and without (DU5883) FnBP's from Fn-coated surfaces 

in a parallel plate flow chamber. Bond strengthening in the specific adhesion of the S. 

aureus strains to Fn-films occurred on a much faster time scale (2 s) than in non

specific adhesion, the latter taking several tens of seconds. Time scales of 

staphylococcal bond ageing as derived from residence-time dependent desorption 
measurements in the parallel plate flow chamber were confirmed by independent AFM 

measurements. Bond strength energies calculated from the retract force-distance 
curves in AFM were orders of magnitude larger than calculated from desorption rate 
coefficients, suggesting that the penetrating Fn-coated AFM tip probes multiple 
receptor sites in the outermost cell surface, even for S. aureus DU5883, generally 

considered devoid of FnBP's. Mild landing of an organism on a Fn-coated substratum 
as during convective-diffusion in the parallel plate flow chamber clearly does not 
reach deeper located receptors. 
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As summarized in the general discussion, use of a parallel plate flow chamber, 
AFM and ITC, provide us with a deeper understanding of the mechanisms of bacterial 

adhesion to adsorbed protein films, which appears to be a complex interplay of 

physical-chemical mechanisms, involving non-specific contributions and specific, 

molecular recognition phenomena. 
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Aanhechting van bacterien speelt op veel verschillende gebieden een rol, varierend van 
medische microbiologie tot voedingswetenschap en van milieutechnologie tot 
biomaterialen. Als het bekend zou zijn volgens welke theoretische modellen (zie 

hoofdstuk 1) bacterien hechten aan bepaalde materialen kunnen er nieuwe 
mogelijkheden ontwikkeld warden om dit tegen te gaan. Omdat in een natuurlijke 

omgeving bacterien voornamelijk hechten aan met eiwit bedekte oppervlakken in 

plaats van aan kale oppervlakken is vooral kennis van het fysich-chemisch 
mechanisme van bacteriele hechting aan eiwitten van belang. Dit is dan ook het doe) 

van dit proefschrift. 
In hoofdstuk 2 warden de belangrijkste technieken, waaronder de parallelle 

plaat stroomkamer, isotherme titratie calorimetrie (ITC) en atomaire kracht

microscopie (AFM), welke in dit proefschrift gebruikt warden om de interactie tussen 
bacterien en met eiwit bedekte oppervlakken te bestuderen, uitgebreid beschreven. 
Deze technieken worden respectievelijk gebruikt om de waarschijnlijkheid van 

aanhechting, de enthalpie van aanhechting en de sterkte van de aanhechting te meten 
op het niveau van een enkele bacterie. 

Sommige streptococcen hebben het eiwit antigeen I/II op hun oppervlak, wat 
een belangrijke rol speelt bij de interactie met speekseleiwitten. In hoofdstuk 3 

warden de adsorptie-enthalpien bepaald van de interactie van Streptococcus mutans 

L T l  1 (met antigeen I/II) en S. mutans IB03987 (zonder antigeen I/II), met 
speekseleiwitten, met behulp van isotherme caloriemetrie. Ook is de adsorptie aan 
bacterieoppervlakken spectrofotometrisch bepaald. De reactie van S. mutans L Tl  1, 
met antigeen I/II, met speekseleiwit geeft een veel hogere exotherme adsorptie

enthalpie bij pH 6,8 ( varierend van -2073 x 10-9 tot -31707 x I 0-9 µJ per bacterie) dan 

S. mu tans IB03987 (-165 x 10-9 tot -1107 x 10·9 per bacterie ), bij alle gemeten 
bacterieconcentraties ( 5 x 109

, 5 x 108 en 5 x 107 per ml). De hoogste enthalpie per 
bacterie werd gemeten bij de laagste bacterieconcentratie. Bij pH 5,8 werd het 
enthalpie-effect van de adsorptie van speekseleiwit aan S. mu tans L Tl  1 kleiner. 

Adsorptie-isothermen van S. mutans LTl 1 laten een behoorlijke eiwitadsorptie zien bij 
pH 6,8 ( 1,2 tot 2, 1 mg m-2) die slechts een beetje afneemt bij pH 5,8 (1, 1 tot 1,6 mg m-
2), waarbij de meeste adsorptie bij de laagste bacterieconcentratie wordt waargenomen. 
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Dit suggereert <lat bet speeksel vrij snel uitgeput raakt van de eiwit(ten) met een boge 
affiniteit voor antigeen I/II. Concluderend kan gezegd worden dat de antigeen I/II 
oppervlakeiwitten op S. mutans een belangrijke rol spelen bij de adsorptie van 

speekseleiwitten, vooral bij pH 6,8 (in vergelijking met pH 5,8), door bet creeren van 

enthalpiscb gunstige adsorptieplaatsen. 
In hoofdstuk 4 worden de interactiekracbten tussen speeksel eiwitten en S. 

mu tans met (LT 1 1) en zonder (IB03987) antigen I/II onderzocht met behulp van AFM 
en in verband gebracbt met de becbting aan met speeksel bedekt glas in de parallelle 
plaat stroomkamer. Tijdens bet naderen van de met speeksel bedekte AFM- tip naar de 

bacterien treedt er, voor beide stammen, een vergelijkbare afstotende kracbt op. Deze 
is voor pH 6,8 (mediaan 3,0 en 3, 1 nN voor LTl l  en IB03987, respectievelijk) 

significant kleiner dan voor pH 5,8 (mediaan 4,6 en 4,7 nN voor LTl 1 en IB03987, 

respectievelijk). Het vervaltraject van deze afstotende kracbt Iigt tussen 19 en 37 nm. 
De specifieke en niet-specifieke becbtingskracbten waren significant groter voor de 

LTl 1 stam (mediaan -0,4 nN) dan voor de IB03987 stam (mediaan 0,0 nN) bij pH 6,8, 
daarentegen was de mediaan van de becbtingskracbt gemeten bij pH 5,8 voor beide 
stammen 0,0 nN. In de parallelle plaat stroomkamer waren bij pH 6,8 significant meer 

bacterien gebecbt van de L T l  1 stam (9,6 x 106 cm-2) dan van de 1B 03987 stam (2,5 
x 106 cm-2) aan bet met speeksel bedekte oppervlak. Vergelijkbaar met het verscbil in 
hecbtingskracbt gemeten met AFM tussen beide stammen bij pH 5,8, verdwijnt ook 

het verscbil in de becbting aan de speeksellaag in de stroomkamer bij pH 5,8, betgeen 
suggereert dat er een invloed is van aantrekkende elektrostatiscbe kracbten bij de 
interacties tussen antigen I/II en het speeksel bij pH 6,8. Samengevat laat deze studie 

zien dat antigen I/II op het oppervlak van S. mutans L T l  I verantwoordelijk is voor de 

verboogde bechting aan speeksel-coatings door middel van vergrote aantrekkende 
elektrostatiscbe kracbten. 

Om bet mecbanisme van de bacterie-eiwit interactie beter te begrijpen, zijn er 

ook experimenten uitgevoerd met een eiwit in plaats van met meerdere eiwitten zoals 
dat in speeksel voorkomt. Fibronectine bindende eiwitten (FnBP's) op bet oppervlak 

van een bacterie zijn de verbindingsscbakel tussen cellen van Staphylococcus aureus 
en bet oppervlak van bijvoorbeeld implantaten of een weefsel waarop fibronectine (Fn) 
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voorkomt. In hoofdstuk 5 vergelijken we de hechting van twee S. aureus stammen 

met (8325-4) en zonder (DU5883) FnBP's aan met Fn bedekt glas in de parallelle plaat 
stroomkamer. De ITC is gebruikt om de adsorptie-enthalpie van Fn aan 
staphylokokken te meten, terwijl de AFM is gebruikt om de hechtingskrachten tussen 
de staphylokokken en de Fn-bedekte oppervlakken te meten. De bacterie met FnBP's 
hechten significant sneller (2438 cm·2s· 1 ) aan het met Fn bedekte oppervlak dan de 
bacterie zonder FnBP's ( 1290 cm·2s· 1

) .  In overeenstemming hiermee is de gemeten 
hechtings-kracht tussen de bacterie met FnBP's groter (mediaan -0,7 nN) dan de 
mutant zonder FnBP's (mediaan -0,3 nN). Ook is gevonden dat de adsorptie-enthalpie 

van Fn aan het celoppervlak exotherm en hoger is voor de stam met FnBP's ( 140 x 10·9 

µJ per bacterie) dan voor de stam zonder FnBP's (-43 x 10·9 µJ per bacterie). Nadat de 
Fn-coatingen behandeld zijn met albumine (BSA) hebben zowel de originele als de 
mutant dezelfde adhesie-parameters, waaruit we concluderen dat BSA de specifieke 
interacties tussen het Fn-bedekte glas en/of het bacterieoppervlak blokkeert. Echter de 

hechtings-krachten en de adsorptie-enthalpien veranderden nauwelijks na toevoeging 
van BSA. Dit betekent dat onder milde contact omstandigheden, die optreden bij 
convectieve diffusie in de parallelle stroomkamer, het geadsorbeerde BSA specifieke 
interacties tegengaat, maar dat bij het geforceerde contact tijdens de AFM 
experimenten en het roeren in de caloriemeter er, ondanks de BSA coating, nog steeds 
interacties optreden tussen Fn en FnBP's. 

In hoofdstuk 6 wordt de contacttijd-afhankelijke desorptie van twee S. aureus 
stammen, met (8325-4) en zonder (DU5883) FnBP's, van Fn-bedekte oppervlakken in 
een parallelle plaat stroomkamer vergeleken. De specifieke bindingskrachten werden 
veel sneller (2 s) sterker dan de niet-specifieke bindingskrachten die 10 s of meer in 
beslag namen. De tijdschalen voor deze bindingskrachten zijn met onafhankelijke 

AFM metingen bevestigd. Bindingssterkte berekend uit de curve waarbij de AFM-tip 

van het oppervlak wordt getrokken zijn vele malen groter dan die berekend zijn uit de 
hechtings-experimenten in de stroomkamer. Hieruit kan geconcludeerd worden dat de 

Fn-gecoate tips bij AFM interacties heeft met meerdere receptorplaatsen in de 
buitenste laag van het celoppervlak, zelfs voor de mutant S. aureus DU5883, waarvan 
aangenomen wordt dat deze geen receptorplaatsen op het oppervlak heeft. Bij het 
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milde contact dat plaats vindt in de stroomkamer warden deze dieper gelegen 
receptoren niet bereikt. 

Zoals samengevat 1s m de general discussion geeft het gebruik van de 
parallelle plaat stroomkamer, AFM en ITC ons een betere kijk op het mechanisme van 

bacteriele adhesie aan geadsorbeerde eiwitlagen. Gebleken is dat dit een complex 
samenspel is van fysisch-chemische mechanismen bestaande uit niet-specifieke en 

specifieke, moleculaire herkennings fenomenen. 

Translated by Betsy van de Belt-Gritter, Rene J B. Dijkstra, and Joop de Vries 
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