
 

 

 University of Groningen

Nanoscopic vibrations by bacteria adhering to surfaces
Song, Lei

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Song, L. (2015). Nanoscopic vibrations by bacteria adhering to surfaces. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/971d140a-50b0-4203-a57d-d195aa26f2d3


 
 

 

 

Nanoscopic vibrations by 
bacteria adhering to surfaces 

Lei Song 

  



 
 

 

 

 

 

 

 
Nanoscopic vibrations by bacteria adhering to surfaces 

By Lei Song 

 

University Medical Center Groningen, University of Groningen 

Groningen, The Netherlands 

 

 

Copyright ©  2015 by Lei Song 

Printed by Ipskamp Drukkers 

ISBN (printed version): 978-90-367-8409-2 

ISBN (electronic version): 978-90-367-8408-5



 
 

 

 

Nanoscopic vibrations by bacteria adhering to 
surfaces 

Proefschrift 

 

ter verkrijging van de graad van doctor aan de  

Rijksuniversiteit Groningen 

op gezag van de 

rector magnificus, prof. dr. E. Sterken, 

en volgens besluit van het College voor Promoties. 

 

De openbare verdediging zal plaatsvinden op  

woensdag 16 december 2015 om 12.45 uur 

 

door 

 

Lei Song 

geboren op 17 september 1984 

te Hubei, China 



 
 

Promotores:     Prof. dr. Ir. H.J. Busscher  

Prof. dr. H.C. van der Mei 

     

Copromotores:   Dr. ir. J. Sjollema 

                    

 

Beoordelingscommissie :   Prof. dr. M.A. Cohen Stuart 

            Prof. dr. J. M. van Dijl 

            Prof. dr. H. Chen 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Paranimfen:        Jiapeng Hou 

                  Qihui Zhou 

 



 
 

 

To my family! 



 
 

Contents 

Chapter 1 Introduction and general aim of this thesis 

 

 

1 

 

 

 

Chapter 2 Nanoscopic vibrations of bacteria with different cell-wall 
properties adhering to surfaces under flow and static 
conditions  

(ACS Nano, 2014; 8: 8457-8467. Impact factor 12.881) 

9  

Chapter 3 Contribution of adsorbed protein films to the nanoscopic 
vibrations exhibited by bacteria adhering through ligand-
receptor bonds  

(Langmuir, 2015; 31(38): 10443-10450. Impact factor 4.457) 

33  

Chapter 4 Mouthrinses influence bond stiffness and detachment of 
oral bacteria   

(Submitted to the Journal of Dental Research. Impact factor 4.139) 

55  

Chapter 5 Brownian motion position map patterns of adhering 
bacteria under flow and static conditions for different 
bacterial strains  

 

71  

Chapter 6 General discussion 83  

 Summary 95  

 Samenvatting 99  

 摘要 105  

 Acknowledgements 109  

    

    

 



 
 

 

 

 

 

 

 

 

 

 

 

 



1 
 

Chapter 1   

General introduction   
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Over the past decades, the parallel plate flow chamber has been widely used in 
dynamic studies of bacterial and cellular adhesion to substratum surfaces.1-3 A typical 
design of a parallel plate flow chamber consists of a Teflon spacer, stainless steel body 
(with inlet and outlet) and glass coverslips at both top and bottom for real time 
observation (see Figure 1).4 The velocity of the flow determines the shear rate on the 
bottom plate of the chamber, usually employed for study purposes rather than the 
top plate.5 The bottom plate can be made out of various materials to be studied and 
can be coated with a conditioning film, consisting of serum, plasma or salivary 
proteins, depending on the bacterial niche of interest.6-8 

 

 

Figure 1. Schematic overview of the parallel plate flow chamber system and detailed view of 
a parallel plate flow chamber as often used within the Department of Biomedical Engineering 
at UMCG, The Netherlands. The O-rings serve to prevent leakage of fluid from the chamber. 
An in situ obtained image of bacteria adhering on a glass substratum is shown on the right-
hand side. 
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From its early development, parallel plate flow chamber designs have been equipped 
with real-time, in situ observation techniques, usually comprising a CCD camera and 
an ultra-long working distance objective to the microscope system enabling to focus 
through the depth of the channel and the thickness of the top- and bottom plates of 
the chamber (see also Figure 1). In situ observation avoids the use of slight-rinsing or 
dipping to remove so-called loosely bound bacteria, which has been demonstrated 
to be a flawed expression as most papers applying slight rinsing or dipping to remove 
loosely bound bacteria do not define how strong “loosely” bound is.9-11 In situ 
observation allows to state that one enumerates bacteria able to adhere under the 
well-defined prevailing shear conditions of the experiment.12 Real-time observation 
also allows the detailed study of bacterial adhesion as a function of time and to 
monitor individual adhering bacteria for their residence-time dependent 
behavior.13,14 Despite the extensive use of in situ observation by various research 
groups over the world, a special trait shown by adhering bacteria has hitherto been 
completely ignored: adhering bacteria exhibit nanoscopic, random vibrations around 
their equilibrium positions.15 The lack of attention of this phenomenon is the more 
surprising, since previous studies have pointed out that also a-biotic polystyrene 
particles and red blood cells exhibit similar vibrations when adhering on a glass 
surface.16,17 

In earlier studies, bacterial adhesion was evaluated by various biochemical and 
physico-chemical approaches that mostly assumed silently that the bond between a 
bacterium and a substratum surface was a completely rigid one.18-20 The existence of 
nanoscopic vibrations exhibited by adhering bacteria already points out, that this is 
a wrong assumption and in fact suggests that the bond should be considered as a 
spring, whose spring constant can be derived from the vibration amplitudes, as done 
in the past for abiotic particles.16,17 Atomic force microscopy has also been applied 
extensively to determine the viscoelastic bond properties of adhering bacteria,21,22 
but AFM involves the application of an external load during measurement while 
obtaining data over a statistically reliable number of individual bacteria is tedious. 
QCM-D (Quartz Crystal Microbalance with Dissipation monitoring) is another 
technique to determine viscoelastic bond properties,23,24 that does allow to measure 
the bond over a large number of adhering bacteria in one and the same experiment, 
but in QCM-D adhering bacteria are forced into high-frequency oscillation, again by 
an external force. Therewith, bacterial vibration spectroscopy is the only method to 
study bacterial bond properties under naturally occurring environmental conditions. 

 

Mechanisms of bacterial adhesion 

Non-specific approach to bacterial adhesion 

In a non-specific approach to bacterial adhesion to surfaces, bacterial adhesion is 
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assumed to be mediated by an interplay of repulsive or attractive electrostatic 
double-layer energies and attractive Lifshitz-Van der Waals energies,19,20 that can be 
derived from measured zeta potentials and contact angles on the interacting surfaces, 
respectively. Zeta potentials are calculated from the measured bacterial mobility in 
an applied electric field under a defined salt concentration and pH.25,26 However, the 
magnitude of the charge varies from species to species and is probably influenced by 
culture conditions, age of the culture, ionic strength and pH. Under most natural 
conditions, bacterial cell and substratum surfaces are negatively charged and 
regardless of the ionic strength of the suspending fluid,27 adhering bacteria are held 
at a small distance from the substratum surface by a repulsive electrostatic energy 
barrier, which increases with decreasing ionic strength. Bacterial cell surface 
hydrophobicity is reflected by the water contact angles on bacterial lawns28,29 from 
which the Lifshitz-Van der Waals interactions can be estimated (see Chapter 3 for 
details). Residence in the so-called secondary energy minimum enables adhering 
bacteria to vibrate under the influence of Brownian motion forces while remaining 
in an adhering state. 

 

Specific approach to bacterial adhesion 

The outermost bacterial cell surface is composed of a variety of different, mostly 
proteinaceous surface appendages and a matrix of extracellular polymeric 
substances (EPS) including eDNA, proteins and polysaccharides.30,31 EPS can either be 
tightly bound to the cell surface or excreted. Usually EPS incorporates large amounts 
of water and covers the bacterial cell surface in a contiguous layer. Surface 
appendages can come in various forms, like fibrils or flagella. Fibrils are cell wall-
associated proteins projecting outwards from the cell surface and are usually less 
than 200 nm long. Individual fibrils are very thin but they often form a ‘hairy fuzz’ 
over the entire cell surface or aggregate into tufts.32 Flagella are whip-like structures 

(up to 20 m long and 10-30 nm thick) protruding from the bacterial cell wall and are 
responsible for bacterial motility (i.e. movement).32 The flagella beat in a propeller-
like motion to help a bacterium move toward nutrients and away from toxic 
chemicals. However, the density and length of the fibrils and flagella also influence 
the viscoelastic properties of the bond between adhering bacteria and substratum 
surfaces. In the non-specific approach these surface appendages are thought to be 
able to pierce the energy barrier between the secondary and primary minimum and 
cause irreversible binding. 

Often however, these appendages are equipped with highly specific ligands that 
allow strong binding with receptors sites, mostly located on proteinaceous 
conditioning films on (bio)materials surfaces,33,34 such as albumin, fibronectin, 
fibrinogen, laminin or collagen.35-37 Whereas specific ligand-receptor bindings are 
sometimes called a “special type of interaction”, they represent the same basic 
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physico-chemical force types as mediating non-specific interactions. However, in 
ligand-receptor binding, these forces are organized in a highly directional fashion and 
spatially confined and consequently operative over relatively short distances (less 
than 1 nm).38 

 

Aim of this Thesis 

The aim of this thesis is two-fold: 

1. to develop bacterial vibration spectroscopy as a new method to analyse the 
visco-elasticity of the bond between adhering bacteria and a substratum surface 
and to critically assess the virtues of vibration spectroscopy as compared with 
known methods, such as AFM or QCM-D. 

2. to determine the influence of the general factors known to mediate specific- and 
non-specific bacterial binding to surfaces, on the vibration amplitudes of adhering 
bacteria.  
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Chapter 2 

Nanoscopic vibrations of bacteria with different cell-wall 
properties adhering to surfaces under flow and static conditions 
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ABSTRACT  

Bacteria adhering to surfaces demonstrate random, nanoscopic vibrations around 
their equilibrium positions. This paper compares vibrational amplitudes of bacteria 
adhering to glass. Spring constants of the bond are derived from vibrational 
amplitudes and related with the electrophoretic softness of the cell surfaces and 
dissipation shifts measured upon bacterial adhesion in a quartz-crystal-microbalance 
(QCM-D). Experiments were conducted with six bacterial strains with pair-wise 
differences in cell surface characteristics. Vibrational amplitudes were highest in low 
ionic strength suspensions. Under fluid flow, vibrational amplitudes were lower in 
the direction of flow than perpendicular to it, because stretching of cell surface 
polymers in the direction of flow causes stiffening of the polyelectrolyte network 
surrounding a bacterium. Under static conditions (0.57 mM), vibrational amplitudes 
of fibrillated Streptococcus salivarius HB7 (145 nm) were higher than of a bald 
mutant HB-C12 (76 nm). Amplitudes of moderately extracellular-polymeric-
substance (EPS) producing Staphylococcus epidermidis ATCC35983 (47 nm) were 
more than twice the amplitudes of strongly EPS producing Staphylococcus 
epidermidis ATCC35984 (21 nm). No differences were found between S. aureus 
strains differing in membrane crosslinking. High vibrational amplitudes corresponded 
with low dissipation shifts in QCM-D. In streptococci, the polyelectrolyte network 
surrounding a bacterium, is formed by fibrillar surface appendages and spring 
constants derived from vibrational amplitudes decreased with increasing fibrilllar 
density. In staphylococci, EPS constitutes the main network component and larger 
amounts of EPS yielded higher spring constants. Spring constants increased with 
increasing ionic strength and strains with smaller electrophoretically derived 
bacterial cell surface softnesses possessed the highest spring constants. 
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INTRODUCTION 

Biofilm formation is ubiquitous since bacteria have the ability to adhere to virtually 
all synthetic and natural surfaces in either environmental, industrial or biomedical 
settings.1-3 Biofilms allow essential chemical transfer processes to occur between 
resident bacteria and their external world, while providing protection to their 
inhabitants.4,5 Adhesion is the most crucial step in biofilm formation and it is realized 
more and more that the characteristics of the adhesive bond impact bacterial 
behavior in terms of morphological, genomic, and proteomic responses.6,7 Moreover, 
bacteria adhering directly to a substratum surface constitute a layer that links all 
other bacteria growing on top of it to the substratum. As a consequence, many 
different experimental systems have been developed to measure the ability of 
bacteria to adhere to substratum surfaces.8-12  

Flow displacement systems can probably be considered as the most quantitative 
ones allowing precise control of the flow and therewith of the mass transport 
preceding bacterial adhesion.12 Moreover, in combination with real-time imaging, 
the kinetics of bacterial adhesion can be determined.13 Although many papers14-16 are 
based on employing flow displacement systems with real-time image analysis 
options, there is a special trait demonstrated by bacteria adhering to a substratum 
surface that has only been reported on in two similar studies on adhesion of inert, 
non-biological particles and red blood cells:17,18 adhering bacteria show nanoscopic, 
random vibrations around their equilibrium positions (Figure 1 and see Video 1 in the 
Supporting Information). Superficially, these vibrations of adhering bacteria bear 
similarity to the nanoscopic motions of living bacteria that can be sensed by the 
cantilever of an Atomic Force Microscope (AFM),19 but in our experience both dead 
and living bacteria exhibit nanoscopic vibrations when adhering, ruling out a 
metabolic cause. This is supported by the observation that also inert, non-biological 
particles17,18 adhering to surfaces exhibit nanoscopic vibrations. The lack of attention 
for this phenomenon in bacterial adhesion is amazing, as analysis of the vibrations 
exhibited by adhering particles enables calculation of the spring constant of the bond 
between particles and substratum surfaces.17,18 More detailed information on the 
spring constants of the bond between bacteria and substratum surfaces is direly 
needed, as the viscoelasticity of the bond plays an important role in determining the 
ease with which adhering bacteria can be removed from substratum surfaces20,21 or 
protect themselves against mechanical challenges in general.  

The outermost bacterial cell layer in contact with substratum surfaces is composed 
of a variety of different surface appendages and a matrix of extracellular polymeric 
substances (EPS) containing amongst others, polysaccharides, lipids and proteins, 
tied together by extracellular DNA.22 The outermost bacterial cell layer has been 
demonstrated to behave as a polyelectrolyte layer with a strain-specific “softness”, 
that can be measured through particulate micro-electrophoresis of bacteria 
suspended at different ionic strengths.23 This relatively soft, outermost layer 
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envelopes a more rigid, hard core made of crosslinked peptidoglycan. The 
peptidoglycan layer is relatively thick in Gram-positive bacteria as compared to 
Gram-negative ones.  

 

 

Figure 1. Outline of the method applied to determine bacterial positions. 

(a) Snap-shot image of S. salivarius HB7 adhering on the glass substratum under fluid flow at 
an ionic strength of 0.57 mM obtained by phase contrast microscopy. 

(b) Enlarged image of the bacterium in the red box (see Figure 1a).  

(c) Concentric elliptic contour lines calculated from Figure 1b. The red point in the center of 
the concentric ellipses represents the position of an adhering bacterium and is used to 
calculate the vibrational amplitude, either in the direction of fluid flow or perpendicular to it, 
or averaged over all directions when measured under static conditions. 

 

The aim of this paper is to investigate the conditions (ionic strength and absence or 
presence of fluid flow) under which nanoscopic vibrations of adhering bacteria occur 
and to analyze the vibrational amplitudes to yield spring constants of their adhesive 
bond with a substratum surface together with the frequencies of bacterial vibration. 
Such information has never been obtained before and it is unknown to which 
properties of the bacterial cell surface these spring constants and frequencies would 
relate, if to any at all. In line with the polyelectrolyte nature of the outermost 
bacterial layer,23,24 we search to relate the spring constants of the bonds with the 
electrophoretic softness of the layer. The electrophoretic softness of a bacterial cell 
surface can be derived from measurements of the bacterium’s electrophoretic 
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mobility at different ionic strengths and pertains to the permeability of the 
outermost 5 to 10 nm of the cell surface to fluid flow.23 In addition, viscoelasticity of 
the adhesive bond between bacteria and a substratum surface is analyzed at 
different ionic strengths using a Quartz Crystal Microbalance with Dissipation (QCM-
D).25,26 In QCM-D, bacteria adhering to an oscillating crystal are brought into 
resonance and dissipate energy depending on the bond characteristics.27 

Although over the past decades we have observed (but never published on) 
vibrations of adhering bacteria in a large variety of rod-shaped, coccal and both 
Gram-positive and Gram-negative strains under different environmental conditions, 
the current study is confined to three entirely different pairs of coccal, Gram-positive 
strains, with pair-wise interesting differences in cell-wall features:  

1) Streptococcus salivarius HB7 and HB-C12 representing two isogenic mutant strains 
that differ in their possession of fibrillar surface appendages;28  

2) Staphylococcus epidermidis ATCC35983 and ATCC35984, known as moderate and 
strong producers of extracellular polymeric substances, respectively;29 and  

3) Staphylococcus aureus NCTC8325-4 and its isogenic mutant NCTC8325-4 ∆pbp-4 
differing in their degree of peptidoglycan crosslinking.30 

This choice of strains enables to determine the influences of outermost layers of 
fibrillar structures and EPS, as well as of a possible influence of the rigidity of the 
peptidoglycan layer on vibrations of adhering bacteria. Also, coccal bacteria allow 
easier determination of vibrational amplitudes than rod-shaped ones. 

 

RESULTS 

Analyses of the Vibrational Amplitudes of Adhering Bacteria 

Figure 2 shows examples of bacterial position maps (Figure 2a,c) and corresponding 
distribution histograms (Figure 2b,d) of the displacement of a single, adhering 
bacterium at different points in time from its equilibrium position under static 
conditions and under fluid flow during adhesion to glass. For both static and flow 
conditions the distribution of bacterial positions followed a nearly perfect fit to a 
Gaussian distribution function and by taking their half width at half maximum as the 
vibrational amplitude of an adhering bacterium, we determined the vibrational 
amplitudes of the different strains involved in this study. Vibrational amplitudes were 
higher under static conditions than under fluid flow for all strains, but this was only 
statistically significant (p < 0.05, Student t-test) at low ionic strengths (Figure 3). 
Under fluid flow, amplitudes were generally higher perpendicular to the flow than in 
the direction of flow, a difference that was highest at low ionic strength. Despite the 
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inclusion of 30 randomly selected individual bacteria in each experiment, standard 
deviations were relatively high and could not be significantly decreased by increasing 
the number of bacteria included. This suggests that there is considerable diversity in 
the way individual bacteria of a given strain attach to a surface. Nevertheless, the 
differences between the vibrational amplitudes of strains making up a pair, were 
statistically significant and most strongly expressed at low ionic strength. The 
fibrillated streptococcal strain, S. salivarius HB7, had higher vibrational amplitudes 
than its bald mutant strain S. salivarius HB-C12 under both static conditions and fluid 
flow. Moderately EPS producing S. epidermidis ATCC35983 demonstrated 
significantly (p < 0.05, Student t-test) higher vibrational amplitudes than S. 
epidermidis ATCC35984, a strongly EPS producing strain. Under fluid flow, vibrational 
amplitudes of S. aureus NCTC8325-4 and its isogenic mutant S. aureus NCTC8325-4 
∆pbp-4, deficient in peptidoglycan crosslinking were not significantly different, but 
under static conditions the vibrational amplitude of the mutant strain was 
significantly (p < 0.05, Student t-test) higher than of its wild-type, parent strain. 

 

 

Figure 2. Examples of position maps (panels a and c) of a single, adhering bacterium (S. 
salivarius HB7 at 0.57 mM) at various time points under static conditions and under fluid flow, 
together with corresponding distribution histograms of bacterial displacement from its 
equilibrium position,  Δl (panels b and d).  Distribution histograms were fitted to a 
Gaussian function. 
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Figure 3. Vibrational amplitudes of bacteria adhering to glass surfaces at different ionic 
strengths for three pairs of strains under static conditions and under fluid flow. Error bars 
indicate standard deviations over three experiments with separately cultured bacteria. For 
each experiment, 30 randomly selected adhering bacteria were analyzed. *indicate significant 
differences between vibrational amplitudes under static conditions and under fluid flow, 
while #indicate significant differences between vibrational amplitudes of the strains making 
up a pair. 
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Figure 4. Spring constants of bacteria adhering to glass surfaces at different ionic strengths 
for three pairs of strains under static conditions and under fluid flow. Error bars indicate 
standard deviations over three experiments with separately cultured bacteria. For each 
experiment, 30 randomly selected adhering bacteria were analyzed. *indicate significant 
differences between vibrational amplitudes under static conditions and under flow, while 
#indicate significant differences between vibrational amplitudes of the strains making up a 
pair. 
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Spring Constants of the Bond between Adhering Bacteria and a Substratum Surface 
Derived from Analyses of Vibrational Amplitudes 

The spring constants of the bonds between the different bacterial strains and a glass 
substratum were derived according to equation 4 (see Materials and Methods 
section) from the Gaussian distributions fitted to the bacterial displacement 
histograms and are summarized in Figure 4. Higher vibrational amplitudes were 
accompanied by smaller spring constants (compare Figures 3 and 4). Accordingly, 
spring constants derived from vibration analysis at low ionic strength (0.57 mM) were 
smaller than occurring at higher ionic strengths (57 mM) and depending on whether 
derived under static conditions or under fluid flow. Under fluid flow, vibrational 
amplitudes were smaller than under static conditions, regardless of the direction of 
flow. The influence of fluid flow on the values of the spring constants derived 
suggests that stiffening of the polymer network surrounding a bacterium takes place 
when the bond is sufficiently stretched.31 

 

Frequencies of Vibration of Adhering Bacteria and Autocorrelation Functions 

In order to determine whether the frequency of video-capturing (60 Hz) is adequate 
for monitoring the bacterial vibrations and calculating their amplitudes, 
autocorrelation functions were determined of several time series of bacterial 
displacements (see Figure 5a,b for examples). For the example shown in Figure 5b, a 
significant autocorrelation over a period of time in the order of 0 - 1 s (i.e. 0 – 1 Hz) 
was found, showing that the frequency of video-capturing is adequate for monitoring 
the bacterial vibrations and for calculating their amplitudes. Next, a Fourier 
transform analysis was carried out on the time series of bacterial displacements in 
order to determine the frequency spectrum of bacterial vibrations. Large differences 
existed in the frequency spectra of different individual, adhering bacteria of the same 
strain (see Figure 5c-l). Nevertheless, high amplitudes of Fourier components were 
found for frequencies up to 5 Hz both for different representatives of one strain 
(Figure 5c-l), as well as for different strains involved in this study (Figure 6).  
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Figure 5. Vibrational displacement, autocorrelation functions and frequencies of bacterial 
vibration (example involves S. salivarius HB-C12 in a low ionic strength suspension (0.57 mM) 
under static conditions). 

(a and b) Examples of time series of vibrational displacement and their autocorrelation 
functions as a function of time for S. salivarius HB-C12 adhering in a low ionic strength 
suspension (0.57 mM) under static conditions. 

(c-l) Amplitude of Fourier components as a function of their vibration frequency of nine 
different, single S. salivarius HB-C12 bacteria adhering to glass under the conditions of panels 
a and b. 
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Figure 6. Average amplitudes of Fourier components as a function of their vibration 
frequencies over five different representatives for each strain. Bacteria were adhering on 
glass in a low ionic strength suspension (0.57 mM) under static conditions.  

 

 

Bacterial Cell Surface Softness and QCM-D Bond Characteristics 

Figure 7 compares the cell surface softness of the different bacterial strains and the 
dissipation characteristics of their bond with the substratum in a pair-wise manner. 
The fibrillated streptococcal strain displayed a significantly higher cell surface 
softness (p < 0.05, Student t-test) than its bald mutant, while also the moderately 
EPS producing S. epidermidis strain had a softer cell surface than its strong EPS 
producing counterpart (p < 0.05, Student t-test). No significant differences in cell 
surface softness were found for the pair of isogenic S. aureus strains (Figure 7a). The 
dissipation shifts, ∆D, at the first overtone for bacteria adhering to the QCM-crystal 
surfaces, all displayed a significant increase (p < 0.05, Student t-test) with increasing 
ionic strength, indicating that higher ionic strengths were associated with higher 
vibrational damping (smaller amplitudes). However, there were no significant 
differences in dissipation shifts between the strains making up a pair (Figure 7b), 
except for the fibrillated pair. 
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DISCUSSION 

Determination of the viscoelastic properties of the bond between adhering bacteria 
and a substratum surface constitutes a challenge of great practical and fundamental 
importance. AFM evaluation of the bacterial response to an applied force or imposed 
deformation exerted by nanoscopic AFM tips have indicated that such bonds are 
viscoelastic in nature.32,33 Bacteria have also been wrenched between an AFM 
cantilever and a substratum surface and the dependence of the resulting 
deformation on the loading force has been used to derive reduced Young’s moduli.34 
Reduced Young's moduli of an assumed cylindrical contact volume between an 
adhering bacterium and a substratum surface ranged between 8 - 47 kPa. Bacterial 
cell surfaces possessing less fibrillar surface appendages, producing less EPS or with 
a higher degree of crosslinked peptidoglycan layer, were more rigid. Peptidoglycan 
crosslinking in isogenic mutants however, should have no direct effect on the 
outermost cell surface layer and its interaction with substratum surfaces (and indeed, 
the cell surface softnesses of the isogenic S. aureus pair with different peptidoglycan 
crosslinking are similar). Accordingly, the status of the current literature is that no 
reliable method yet exists to derive the viscoelastic properties of the bond between 
bacteria and substratum surfaces. 

The outermost bacterial cell surface is composed of an open network of 
polyelectrolytes, composed of charged groups along polymer chains of proteins and 
polysaccharides. Within each pair of strains (compare Figures 4 and 7a), the strain 
with the smallest electrophoretic softness, that is with the lowest permeability to 
fluid flow, also possessed the largest spring constants under low ionic strength and 
static conditions. Note that the electrophoretic softness of S. aureus NCTC 8325-4 
and its isogenic mutant S. aureus NCTC 8325-4 ∆pbp-4 were identical. The 
polyelectrolyte nature of the outermost bacterial cell surface suggests that the 
persistence lengths of the polymer chains in the outermost bacterial cell surface 
increase with decreasing ionic strength of the suspending fluid as a result of the 
increased electrostatic repulsion between the chains.35 This yields expansion of the 
polyelectrolyte network at low ionic strengths, as illustrated in Figure 8. This 
expansion causes low dissipation shifts in QCM-D (Figure 7b). Low dissipation shifts 
indicate low vibrational damping, yielding high vibrational amplitudes (Figure 3).  

Vibrational amplitudes are largest under static conditions and smaller in the direction 
of the flow than perpendicular to it, but amplitudes return to their original static 
values after arresting the flow (not shown). This indicates that under fluid flow the 
stress-strain relationship is non-linear,36 due to reversible deformation of the 
polyelectrolyte network constituting the outermost cell surface31 rather than 
breaking of non-covalent intermolecular bonds, as observed for single proteins.37 
Therefore, the spring constants derived for bacterial bonds under fluid flow, might 
better be designated as “apparent” spring constants. Under static conditions, 
vibrations are restricted to the linear regime and spring constants derived represent 
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the spring constant of the bond without influences of a non-linear component. In the 
linear regime at low ionic strengths and within each pair of strains, the strain with 
the smallest electrophoretic softness (Figure 7a) possesses the largest spring 
constants (Figure 4a).  

 

 

Figure 7. (a) Electrophoretically-derived bacterial cell surface softness, 1/λ, of the three pairs 
of bacterial strains included in this study.  

(b) Dissipation shift, ΔD, measured by QCM-D at the first overtone and at three ionic strengths. 
Higher dissipation shifts are associated with larger vibrational damping. No data could be 
obtained for S. salivarius HB-C12 strains at the lowest ionic strengths (0.57 mM and 5.7 mM) 
due to low numbers of adhering bacteria.  

Error bars indicate standard deviations over three experiments with separately cultured 
bacteria. *indicate significant differences between bacterial surface softness or dissipation 
shift of the parental and mutant strain or between different ionic strengths, while #indicate 
significant differences between strains making up a pair.  
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Figure 8. Schematic representation of the outermost bacterial cell layer under static and fluid 
flow conditions at different ionic strengths. Under high ionic strength conditions, the 
polyelectrolyte network destabilizes and collapses, therewith damping the vibrational 
amplitude, while under low ionic strength conditions the network is expanded due to 
electrostatic repulsion, causing an increase in vibrational amplitude. Under fluid flow 
conditions, non-covalent intermolecular bonds in the polyelectrolyte are broken and network 
polymers are stretched causing stiffening of the polymer network surrounding a bacterium 
and resulting in lower vibrational amplitudes in the direction of flow. 

 

Deriving spring constants of bacterial bonds from bacterial vibrations assumes that 
the vibrations are related to the strength with which they are attached to the 
substratum surface rather than to the metabolism of the living bacterium itself. This 
assumption seems justified, because adhering a-biotic particles exhibit similar 
nanoscopic vibrations than do adhering bacteria. Analysis of the nanoscopic 

vibrational amplitude of abiotic, 2 m diameter latex particles tethered to a glass 
surface by polyacrylamide polymeric chains,17,18 yielded a spring constant in water 
between 1 to 2 × 10-6 N/m, which is very similar as found here for fibrillated 
streptococci adhering in a low ionic strength buffer under static conditions.  

Isogenic ∆pbp-4 mutants have the same outermost surface properties as their parent 
strains and accordingly the electrophoretic softness and the dissipation shifts of S. 
aureus NCTC8325-4 and its isogenic mutant S. aureus NCTC8325-4 ∆pbp-4 are 
identical (see Figure 7). More importantly, the vibrational amplitudes for S. aureus 
NCTC8325-4 and its isogenic mutant S. aureus NCTC8325-4 ∆pbp-4, deficient in 
peptidoglycan crosslinking are also nearly identical. This attests to the fact that 
nanoscopic vibrational amplitudes of adhering bacteria solely reflect the outermost 
bacterial cell surface layer, and not more internal structures. Gram-positive strains, 
as selected for this study, bear in common that they have a peptidoglycan layer that 
is relatively thick as compared with the one of Gram-negative strains. In addition, 
Gram-negative strains possess an inner and outer lipid membrane, whereas Gram-
positive strains lack the outer membrane.  
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Figure 9. Examples of position maps (panel a) of a single, adhering Gram-negative bacterium 
(A. baumannii 6 and R. terrigena ATCC33257) at various time points under static conditions 
in a low ionic strength suspension (0.57 mM), together with corresponding distribution 
histograms of bacterial displacement from their equilibrium positions (panel b) and resulting 
vibrational amplitudes (panel c) at different ionic strengths and under fluid flow. Error bars 
indicate standard deviations over three experiments with separately cultured bacteria (note 
that Gram-negative bacteria were cultured in Nutrient Broth under elsewise similar 
conditions as the Gram-positive strains involved in this study). For each experiment, 30 
randomly selected adhering bacteria were analyzed. Distribution histograms were fitted to a 
Gaussian function. *indicate significant differences between vibrational amplitudes under 
static conditions and under fluid flow. 

 

This raises the question as to whether the outer membrane of Gram-negative 
bacteria has a specific role in vibrations of adhering bacteria. To answer this question, 
we carried out experiments with two Gram-negative bacterial strains: Acinetobacter 
baumannii 6 and Raoutella terrigena ATCC33257. In Figure 9 it can be seen that both 
Gram-negative strains demonstrate an entirely similar behavior as do Gram-positive 
bacteria with respect to the vibrations exhibited in their adhering state. Moreover, 
also the dependence of their vibrational amplitudes on ionic strength is similar to the 
one of Gram-positive strains (compare Figures 3 and 9). Accordingly, there is no 
systematic impact of the outer membrane on vibrations of adhering Gram-negative 
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bacteria and the spring constants with which they adhere to a substratum surface. 

The fact that nanoscopic vibrational amplitudes are related to the outermost 
bacterial cell surface only is a major advantage of vibrational amplitude analysis, as 
other methods to derive the properties of the adhesive bond between adhering 
bacteria and a substratum surface not only reflect the bond itself, but also pertain to 
more internal structures, like the peptidoglycan envelope. Such an influence of more 
internal structures is indicated for instance by experiments in which deformation is 
imposed on an adhering bacterium by wrenching it between a substratum surface 
and the AFM cantilever. Wrenching of bacteria in AFM experiments results in 
compression forces that almost inevitably increases the number of binding sites 
between an adhering bacterium and a surface, yielding higher spring constants than 
obtained here from analysis of vibrational amplitudes34 that are measured under the 
influence of naturally occurring adhesion forces.  

In the elastic regime, an adhering bacterium can be considered as a simple mass 
solely tethered to a substratum surface through an undamped spring. Under these 
conditions resonance frequencies, f0, of adhering bacteria can be calculated using 
the spring constants ks derived in this paper according to 

 

𝑓0 =
1

2𝜋
√

𝑘𝑠

𝑚
      [1] 

 

where m is the bacterial mass (around 10-15 kg). For the present collection of bacterial 
strains adhering to a glass substratum, the resonance frequencies calculated on basis 
of equation 1 would be in the kHz range (3 kHz to 37 kHz). Fourier analysis of 
displacement time series showed vibrational amplitudes at low frequencies (Figures 
5 and 6), far too low to be recognized as bacterial resonances. This indicates that 
vibrations of adhering bacteria are caused by Brownian motion forces, as can also be 
concluded from the Gaussian distribution of bacterial displacements. 

 

 

CONCLUSIONS 

The present observations show that the polyelectrolyte network constituting the 
outermost bacterial cell layer determines the nanoscopic vibrational amplitudes of 
bacteria adhering to substratum surfaces both in Gram-positive as well as in Gram-
negative strains. Due to the polyelectrolyte nature of the network, spring constants 
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derived from vibration analyses increase with increasing ionic strengths. In 
streptococci, the polyelectrolyte network is formed by fibrillar surface appendages 
and spring constants decrease with increasing fibrillar density on the bacterial cell 
surface. In staphylococci, EPS is the main network component and larger amounts of 
EPS yield higher spring constants. Under flow conditions, as opposite to static ones, 
bacterial bonds with substratum surfaces are stretched by fluid shear forces exerted 
on the adhering bacteria in the direction of flow yielding network stiffening, similar 
to the nano-mechanical behavior of lactobacillus under shear.38 For this reason, the 
spring constants derived for bacterial bonds under fluid flow, might better be 
designated as “apparent” spring constants that may dictate bacterial detachment 
phenomena under flow. Brownian motion and accompanying vibrations can either 
stimulate adhesion or detachment. Therewith, vibrational amplitudes might bear 
relation with critical nanoscopic features of material surfaces that impact bacterial 
adhesion and detachment, such as on recently described “easy come, easy go” 
surfaces.39 The current study may therefore be helpful in defining dimension of 
nanoscale topographies to allow or attenuate vibrations of adhering bacteria with an 
impact on adhesion and detachment.  

 

MATERIALS & METHODS 

Bacterial Culturing and Harvesting  

Three pairs of bacterial strains were involved in this study: S. salivarius HB7 
(possessing proteinaceous fibrils with a length of 91 nm on its outermost surface) 
and HB-C12 (a mutant of S. salivarius HB7 having a bald outermost surface), S. 
epidermidis ATCC35983 (a moderately EPS producing strain) and ATCC35984 (a strong 
EPS producer) and S. aureus NCTC8325-4 and its isogenic mutant S. aureus 
NCTC8325-4 ∆pbp-4, deficient in membrane crosslinking. S. salivarius was pre-
cultured in 10 mL Todd Hewitt Broth (OXOID, Basingstoke, UK), while staphylococci 
were pre-cultured in 10 mL Tryptone Soy Broth (OXOID). Pre-cultures of S. salivarius 
and S. epidermidis were grown for 24 h at 37°C under static conditions, while S. 
aureus was pre-cultured under shaking (150 rpm). After 24 h, 0.5 mL of a pre-culture 
was transferred into 10 mL fresh medium and the main culture was inoculated for 
another 16 h under identical conditions. Bacteria were harvested by centrifugation 
at 5000×g for 5 min, washed three times with adhesion buffer (50 mM potassium 
chloride, 2 mM potassium phosphate and 1 mM calcium chloride) with different ionic 
strengths (0.57 mM, 5.7 mM and 57 mM) at pH 6.8 and sonicated on ice for 3×10 s 
at 30 W (Vibra cell model 375, Sonics and Material Inc., Danbury, CT, USA). Finally, 
bacteria were re-suspended in adhesion buffer to a concentration of 3×108 bacteria 
per mL, as determined in a Bürker-Türk counting chamber.  
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Measurement of Vibrational Amplitudes of Adhering Bacteria  

Vibrational amplitudes were measured under fluid flow and under static conditions. 
For measurements under fluid flow, bacteria were allowed to adhere to the glass 
bottom plate of a parallel plate flow chamber. The flow chamber with channel 
dimensions 175×17×0.75 mm was equipped with an image analysis system and has 
been described in detail previously.12 The top and bottom plates of the chamber were 
made of glass. Glass plates were cleaned in 2% RBS (Chemical Products R. Borghgraef 
S.A., Brussels, Belgium) in an ultrasonic bath and rinsed with methanol and water 
prior to each experiment. All tubes and the flow chamber were filled with adhesion 
buffer, while care was taken to remove all air bubbles from the system. Next, the 
bacterial suspension was circulated through the chamber under pulse-free 
hydrostatic pressure at a shear rate of 10 s-1. For determination of the vibrational 
amplitudes of adhering bacteria under static conditions, the bacterial suspension 
was circulated for 1 h and measurements were taken 15 min after arresting the flow. 

Vibration of adhering bacteria was observed with a CCD camera (A101F, Basler AG, 
Ahrensburg, Germany) mounted on a phase-contrast microscope (BH2-RFCA, 
Olympus Optical Co., Tokyo, Japan). The camera was coupled to an image analysis 
program (Matlab, The MathWorks, Natick, MA, USA), recording 60 consecutive 
images per s. Each image consists of 1392×128 pixels on an 8 bit grey-scale resulting 
in 256 grey-values (Figure 1a).  

In order to determine bacterial positions, concentric elliptic contour lines were 
constructed around the images of adhering bacteria, as illustrated in Figure 1b. We 
used elliptic contour lines, in order to account for possible rotational asymmetries as 
due to the presence of fluid flow. Subsequently, the centers of these elliptic contour 
lines were determined, representing the position of a bacterium (see Figure 1c). 
Bacterial positions were calculated on basis of 2000 images taken per bacterium over 
a time-period of 33 s and the variation in positions observed over time served to 
analyze their displacement.  

In order to account for possible vibrations of the building or microscope, the 
vibrational amplitude of a fixed marker on the glass substratum was taken as a 
reference amplitude, and subtracted from the vibrational amplitudes calculated for 
adhering bacteria. Negative amplitudes were taken as zero.  

The vibrational amplitudes presented represent the average over bacterial vibration 
amplitudes from three experiments with separate bacterial cultures. Each 
experiment involved the analysis of the vibration of 30 randomly selected bacteria. 

Calculation of Spring Constants from Vibrational Amplitudes  

The vibrational displacement of bacteria as a function of time from their equilibrium 
positions was used to calculate the spring constants of the bond between an 
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adhering bacterium and a substratum surface. To this end, adhering bacteria were 
assumed to behave as harmonic oscillators, connected to the surface by an elastic, 
un-damped spring with a linear relation between force and displacement 

 

                𝐹 = 𝑘s∆l                   [2] 

 

where ks is the spring constant and Δl the bacterial displacement from its equilibrium 
position. The energy (E) involved in stretching of the spring is 

  

                                                              𝐸 =
1

2
𝑘s∆l2                 [3] 

 

Because vibrations are considered to result from thermodynamic processes while 
ignoring viscous damping and assuming the system to be in a thermodynamic 
equilibrium, the occurrence N of a displacement Δl from a bacterium’s equilibrium 
position is governed by the Boltzman distribution 16, as described by 

 

                                  𝑁 = 𝐴 exp (−
𝐸

𝑘B𝑇
) = A exp (−

1

2

𝑘s∆𝑙2

𝑘B𝑇
)           [4]           

    

where A is a normalization constant, kB the Boltzmann constant, and T the absolute 
temperature. Equation 4 represents a Gaussian distribution and the spring constants 
can be calculated from the best fit of a Gaussian distribution to the distribution 
histograms of bacterial displacements (Figure 2b,d) using the Sigmaplot 12.1 (Systat 
Software, Inc., San Jose, CA, USA).  

Autocorrelation and Frequency Analysis of Bacterial Vibrations  

Autocorrelation functions of bacterial displacement over time were used to verify 
the continuity of the vibrational displacement as a function of time over several 
frames. Fourier transformation of displacement time series was used to determine 
the frequency spectrum of the bacterial vibrations. Both autocorrelation functions 
and Fourier transformations were obtained by using Matlab. Each time series 
analyzed comprised 300 frames (5 s). 
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Bacterial Cell Surface Softness  

In order to calculate the softness of the bacterial cell surfaces, electrophoretic 
mobilities of the different bacterial strains were measured in KCl solutions of 
different ionic strengths (0.01 M, 0.025 M, 0.05 M, 0.075 M, 0.1 M and 0.15 M), using 
particulate micro-electrophoresis (Zetasizer nano-ZS; Malvern Instruments, 
Worcestershire, UK). Prior to each measurement, the pH of the KCl solutions was 
adjusted to 6.0. Electrophoretic mobilities were measured in triplicate with separate 
bacterial cultures and the average electrophoretic mobilities as a function of ionic 
strength were fitted to 

 

                              𝜇 = (
𝜀𝑟𝜀0

𝜂
) [(

𝜓0

𝜅𝑚
+

𝜓𝐷𝑂𝑁

𝜆
) / (

1

𝜅𝑚
+

1

𝜆
)] + (

𝑧𝑒𝑁𝑐

ηλ2 )           [5]                                                                                                                                                                  

 

in which µ is the electrophoretic mobility, εr the relative permittivity, ε0 the 
permittivity of vacuum, η the viscosity of the solution, 1/κm the Debye-Hückel length 
of the polyelectrolyte layer constituting the bacterial cell surface, 1/λ the softness of 
the polyelectrolyte layer, inversely related to the friction of liquid flowing in the 
polyelectrolyte layer, z the valence of charged groups in the polyelectrolyte, 𝑒 the 
electrical unit charge, Nc the density of charged groups, ψ0 the potential at the 
boundary between the polyelectrolyte layer and the surrounding solution and ψDON 

the Donnan potential within the polyelectrolyte.23 By taking 1/λ, the softness of the 
polyelectrolyte layer, and zNc, the density of charged groups in the polyelectrolyte 
layer, as parameters of the fit, both 1/λ and zNc can be calculated from the 
electrophoretic mobilities measured as a function of ionic strength using a least-
squares curve-fitting routine kindly provided by Prof. Ohshima (Tokyo, Japan). Note, 
that 1/κm is a function of ionic strength and ranges from 3 nm in 0.01 M to 1 nm in 
0.1 M KCl for mono-valent ions.40 

QCM-D Measurements  

A window-equipped QCM-D flow chamber (Q-sense E1, Q-sense, Gothenburg, 
Sweden) was used to analyze the energy dissipation of forced oscillations of a silicon 
dioxide-coated crystal with adhering bacteria. Before an experiment, the silicon 
dioxide-coated crystal was cleaned by washing with 2% (w/v) sodium dodecyl 
sulphate (SDS) for 15 min. Subsequently, the crystal was washed thoroughly with 
ultrapure water in a sonicating bath and finally treated with UV/Ozone for 15 min to 
achieve a water contact angle of zero degrees. Cleaned crystals were immediately 
housed in the QCM-D flow chamber. After filling the QCM-D flow chamber with 
adhesion buffer and stabilization of the resonance frequency and dissipation, a 
bacterial suspension was perfused through the circular QCM-D chamber (diameter 
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12 mm, height 1 mm) at a flow rate of 17.5 L s-1, roughly corresponding with a shear 
rate of 10 s-1, and signal recording was initiated as a function of time. The adhesion 
process was monitored using a CCD camera (Model A101, Basler vision technologies) 
mounted on a metallurgical microscope with a 20× objective (Leica DM2500M, 
Rijswijk, The Netherlands). As soon as the number of adhering bacteria had reached 
3×106 per cm2, the dissipation shift was measured at the 1st overtone of the basic 
QCM resonance frequency (5 MHz). All measurements were performed in triplicate 
with separately cultured bacteria of each strain. 

Statistical Analysis  

All experiments were performed in triplicate with separate bacterial cultures and all 
data are presented as means ± standard deviations. Because of the strain selection 
in this study, results were compared pair-wise for the different strains, for effects of 
flow or ionic strength using a Student t-test (SPSS Statistics 20, IBM, Armonk, NY, 

USA). p ＜ 0.05 was considered to be statistically significant.  
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SUPPORTING INFORMATION 

Video 1: Random vibrations of adhering bacteria around the equilibrium position. 
This material is available free of charge via the Internet at http://pubs.acs.org. 
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Chapter 3 

Contribution of adsorbed protein films to nanoscopic vibrations 
exhibited by bacteria adhering through ligand-receptor bonds 
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ABSTRACT  

Bacteria adhering to surfaces exhibit nanoscopic vibrations that depend on the 
viscoelasticity of the bond. The quantification of the nanoscopic vibrations of 
bacteria adhering to surfaces provides new opportunities to better understand the 
properties of the bond through which bacteria adhere and the mechanisms by which 
they resist detachment. Often however, bacteria do not adhere to bare surfaces but 
to adsorbed protein films, on which adhesion involves highly specific ligand-receptor 
binding next to non-specific DLVO interaction forces. Here we determine the 
contribution of adsorbed salivary protein and fibronectin films to vibrations exhibited 
by adhering streptococci and staphylococci, respectively. The streptococcal strain 
used has the ability to adhere to adsorbed salivary proteins films through antigen I/II 
ligand-receptor binding, while the staphylococcal strain used adheres to adsorbed 
fibronectin films through a proteinaceous ligand-receptor bond. In absence of ligand-
receptor binding, electrostatic interactions had a large impact on vibration 
amplitudes of adhering bacteria on glass. On an adsorbed salivary protein film, 
vibration amplitudes of adhering streptococci depended on the film softness as 
determined by QCM-D, and were reduced after film fixation using glutaraldehyde. On 
a relatively stiff fibronectin film, crosslinking the film in glutaraldehyde hardly 
reduced its softness and accordingly fibronectin film softness did not contribute to 
vibration amplitudes of adhering staphylococci. However, fixation of the 
staphylococcus-fibronectin bond further decreased vibration amplitudes, while 
fixation of the streptococcus bond hardly impacted vibration amplitudes. 
Summarizing, this study shows that both the softness of adsorbed protein films as 
well as the properties of the bond between an adhering bacterium and an adsorbed 
protein film play an important role in bacterial vibration amplitudes. These 
nanoscopic vibrations reflect the viscoelasticity of the bacterial bond with a 
substratum and play important roles in bacterial adhesion, detachment and 
susceptibility to antimicrobials. 
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INTRODUCTION 

Bacterial adhesion to surfaces is ubiquitous in many industrial processes as well as in 
nature, including the human body.1,2 Control of bacterial adhesion not only provides 
a way to prevent human infections associated with bacterial adhesion, but also 
contributes to the undisturbed functioning and therewith the efficiency of industrial 
food and dairy processing.3,4 In addition, control of bacterial adhesion aids to 
increase the efficiency of bio-reactor systems.5 Bacterial adhesion to surfaces can be 
regarded as a colloidal phenomenon mediated by a non-specific interplay of 
attractive Lifshitz-Van der Waals forces operating over several tens of nanometers 
and electrostatic forces originating from the interaction between the diffuse electric 
double-layers at surfaces that operates over a distance ranging up to tens of 
nanometers, depending on the ionic strength of the medium. The sum interaction of 
both forces is described in the DLVO-theory of colloidal stability.6-8  

Recently it has been observed for both Gram-positive and Gram-negative bacterial 
strains, that bacteria adhering to glass surfaces exhibit nanoscopic vibrations, in 
essence due to Brownian motion.9 Amplitudes of these vibrations were highest under 
low ionic strength conditions and were governed by the viscoelastic properties of the 
bond between adhering bacteria and substratum surfaces. For streptococci, spring 
constants derived from bacterial vibration amplitudes decreased with increasing 
fibrillar density on the cell surface, while for staphylococci higher spring constants 
were obtained for strains having larger amounts of extra-cellular-polymeric 
substances.9 Possession of a viscoelastic bond aids adhering bacteria to withstand 
detachment forces and remain adhering.10 

Under many natural conditions, bacteria do not adhere to bare substratum surfaces, 
but to adsorbed macromolecular conditioning films.11,12 In the human body, these 
conditioning films are often comprised of adsorbed proteins, like salivary proteins on 
surfaces exposed to the oral cavity or fibronectin on surfaces exposed to human 
serum. Although bacteria adhere to proteinaceous conditioning films by the same 
fundamental forces as by which they adhere to homogeneous, bare substratum 
surfaces, the chemical groups mediating bacterial adhesion to proteinaceous 
conditioning films are often highly localized, yielding strong, highly specific so-called 
“ligand-receptor” bonds between bacteria and proteinaceous conditioning films.13-15 
Streptococci for instance, may possess surface-associated antigen I/II with molecular 
masses ranging from 160 to 215 kDa16,17 that mediates binding to salivary 
conditioning films.18,19 Similarly, staphylococci may possess functional adhesins 
mediating their adhesion to adsorbed fibronectin films.20  

The aim of this paper is to determine the contribution of adsorbed protein films to 
the nanoscopic vibrations exhibited by adhering streptococci and staphylococci. 
Bacterial vibration spectroscopy is carried out for a streptococcal and a 
staphylococcal strain, possessing the ability of forming specific ligand-receptor bonds 
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with salivary protein films or adsorbed fibronectin films, respectively. Bacterial 
vibrations are analyzed as a function of ionic strength for bacteria non-specifically 
adhering to bare glass surfaces. Next, vibrations are studied on adsorbed protein 
films, prior to and after fixation of the protein films using glutaraldehyde and after 
fixation of both the ligand-receptor bond and the adsorbed protein film. Vibrations 
are related to the film softness as determined using a quartz-crystal microbalance 
with dissipation. 

 

EXPERIMENTAL SECTION 

Bacterial Strains and Culture Conditions 

Two bacterial strains with known specific binding sites and two isogenic mutants 
lacking these binding sites were selected for this study: Streptococcus mutans LT11 
(expressing antigen I/II) and S. mutans IB03987 (lacking antigen I/II),21 and 
Staphylococcus aureus 8325-4 (possessing fibronectin binding proteins) and S. 
aureus DU5883 (lacking fibronectin binding protein).22 S. mutans LT11, like most oral 
streptococci, possesses antigen I/II that mediates its ligand-receptor binding to 
adsorbed salivary protein films23 and is a commensal bacterium in the human oral 
cavity, associated with dental caries.24 S. aureus 8325-4 is equipped with a fibronectin 
binding protein involved in its adhesion to adsorbed fibronectin films,25 such as on 
plasma-exposed biomaterial implant surfaces and tissue cells in the human body, and 
possesses a high potential to cause infection.26 

Streptococci and staphylococci were separately maintained at -80°C in brain heart 
infusion broth (BHI; OXOID, Basingstoke, United Kingdom) and tryptone soya broth 
(TSB; OXOID) containing 7% dimethylsulfoxide (Merck, Darmstadt, Germany). S. 
mutans LT11 was cultured on BHI agar plates and S. mutans IB033987 on BHI agar 
supplemented with 5 mg/mL kanamycine monosulfate and incubated in 5% CO2 and 
S. aureus was cultured on TSB agar plates under aerobic conditions overnight at 37°C. 
Subsequently, S. mutans was pre-cultured in 10 mL BHI, while S. aureus was pre-
cultured in TSB under constant shaking (150 rpm). After 24 h, each pre-culture was 
used for a main culture in 190 mL growth medium. For the S. mutans, the main 
culture was grown for another 16 h under identical conditions, while S. aureus was 
grown for 2 h which corresponds with peak expression of fibronectin binding proteins 
in S. aureus 8325-4.27 Bacteria were harvested by centrifugation (S. mutans, 5000 g, 
5 min, 10°C; S. aureus, 6500 g, 5 min, 10°C) and washed twice with a low (0.57 mM) 
ionic strength bufffer (0.5 mM potassium chloride, 0.02 mM potassium phosphate, 
0.01 mM calcium chloride, pH 6.8). Finally, bacteria were suspended to a density of 
3 × 108 bacteria per mL either the low ionic strength buffer or in a buffer with a 
hundred fold higher (57 mM) ionic strength (50 mM potassium chloride, 2 mM 
potassium phosphate, 1 mM calcium chloride, pH 6.8) and sonicated for 3 × 10 s at 
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30 W in an ice/water bath to break bacterial aggregates. 

Saliva Collection and Preparation  

Saliva was prepared from a stock of human whole saliva from at least 20 healthy 
volunteers of both genders, collected into ice-cooled beakers after stimulation by 
chewing Parafilm®,28 and subsequently pooled, centrifuged, dialyzed, and lyophilized 
for storage. Prior to lyophilization, phenylmethyl sulfonyl fluoride was added to a 
final concentration of 1 mM as a protease inhibitor in order to reduce protein 
breakdown. Freeze-dried saliva was dissolved in the high ionic strength buffer (1.5 
mg/mL). All volunteers gave their informed consent to saliva donation, in agreement 
with the guidelines set out by the Medical Ethical Committee at University Medical 
Center Groningen, Groningen, The Netherlands (letter 06-02-2009). 

Salivary Protein and Fibronectin Adsorption  

Prior to each experiment, glass slides were cleaned in 2% RBS (Chemical Products R. 
Borghgraef S.A., Brussels, Belgium) in an ultrasonic bath and rinsed with methanol 
and water. The glass slide was immersed in a salivary protein solution for 18 h at 4℃ 
(in order to maintain microbial growth and enzymatic activity as low as possible), to 
create a salivary conditioning film. Eighteen hours is known to be long enough to 
allow protein adsorption and displacement by higher molecular weight ones to yield 
a clinically “mature” adsorbed film.29 Then, the saliva-coated glass slide was rinsed in 
the low ionic strength buffer and used immediately for streptococcal adhesion and 
analysis of vibration amplitudes. For adsorption of a fibronectin film (human 
fibronectin; Sigma-Aldrich, Zwijndrecht, The Netherlands), the glass slide was drop-

coated with 0.05 mL sterile fibronectin solution (25 g/mL, 100 g/mL and 250 

g/mL) in the high ionic strength buffer for 2 h at room temperature (commercially 
obtained fibronectin has no issues with enzymes or contaminating bacteria to the 
extent that saliva has) to create a more or less circular fibronectin-coated region with 
a diameter of 1 cm, followed by rinsing with the low ionic strength buffer. In addition, 
the glass slide was immersed in 1% bovine serum albumin (BSA) (Sigma-Aldrich, USA) 
in order to block the non-specific adhesion sites. Finally, the glass slide was rinsed in 
low ionic strength buffer and used immediately for staphylococcal adhesion and 
bacterial vibration spectroscopy.  

In order to determine the influence of the softness of the adsorbed films on the 
vibration amplitudes, we crosslinked the films with 2% glutaraldehyde in 
demineralized water followed by rinsing with low ionic strength buffer. Vibration 
experiments were also performed on these adsorbed salivary protein and fibronectin 
films. In these cases, bacteria were adhered to cross-linked protein films. In order to 
establish a proper time for crosslinking of the protein films, adsorbed salivary films 
were crosslinked in glutaraldehyde for 10 s, 60 s and 120 s. Crosslinking of the 
adsorbed protein films was confirmed by Fourier Transform Infrared Spectroscopy 
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(see Supporting Information Figure S1). Softness of the films decreased progressively 
with crosslinking time, with no effects of crosslinking on the film thickness (see 
Supporting Information Figure S2). Consequently it was decided to carry out bacterial 
vibration spectroscopy on protein films crosslinked for 60 s (note that pilot 
experiments yielded the conclusion that fixation for 10, 60 or 120 s yielded the same 
reductions in bacterial vibration amplitude for the S. mutans LT11 on a salivary film 
(data not shown)). In addition, also adsorbed protein films with adhering bacteria 
were fixed with 2% glutaraldehyde for 1 min and rinsed with low ionic strength buffer, 
after which the vibration amplitude was measured representing the case in which 
both the adsorbed protein film and the ligand-receptor bond with adhering bacteria 
is fixed. 

Measurement of Vibration Amplitudes of Adhering Bacteria 

Bacterial vibrations were studied in a parallel plate flow chamber with channel 
dimensions 175 × 17 × 0.75 mm both on bare glass surfaces and on protein films 
adsorbed to a glass surface under conditions of a stagnant flow. The flow chamber 
has been described in detail previously,30 but was merely used as a convenient vehicle 
to allow bacteria to adhere. On bare glass, bacterial vibration spectroscopy was 
carried out in both the low (0.57 mM) and high (57 mM) ionic strength buffers in 
order to better reveal the influence of electrostatic interactions on bacterial 
vibrations, while in case of vibration spectroscopy on adsorbed protein films, 
experiments were only done in the low ionic strength buffer as this yields the largest 
vibration amplitudes. Prior to each experiment involving bare glass surfaces, all tubes 
and the flow chamber were filled with either low or high ionic strength buffer, while 
for experiments on adsorbed protein films the chamber was filled only with low ionic 
strength buffer. After removal of air bubbles by perfusion with buffer, a bacterial 
suspension was flowed through the system at a shear rate of 10 s-1 for 1 h at room 
temperature. Subsequently, buffer was perfused for 15 min in order to remove all 
non-adhering bacteria. Then, flow was arrested for vibration amplitude 
measurements at the appropriate ionic strength. Vibrations of adhering bacteria 
were observed with a CCD camera (A101F, Basler AG, Ahrensburg, Germany) 
mounted on a phase-contrast microscope (BH2-RFCA, Olympus Optical Co., Tokyo, 
Japan). The camera was coupled with an image analysis program (Matlab, The 
MathWorks, Natick, MA), recording 60 consecutive images per second. Along the 
lines of equal pixel grey-values within the image of a single bacterium, a series of 
concentric elliptic contour lines were constructed, the center position of which was 
defined as the position of an adhering bacterium (Figures 1a and 1b). Different 
positions obtained at different time points over a 33 s time-interval were plotted as 
a distribution histogram along with the positions of a black marker on the glass slide 
representing a fixed position (Figure 1c). These distributions were fitted to a Gaussian 
distribution function and the vibration amplitudes were calculated from the half 
widths at half maximum of the Gaussian distributions. Next, in order to account for 
possible vibrations of the building or microscope, the vibration amplitude of the fixed 
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marker was subtracted from the uncorrected vibration amplitude calculated for 
adhering bacteria to yield the bacterial vibration amplitudes reported. Note from the 
example presented in Figure 1c, that the black marker is positioned at the same 
location for most images with only a small vibration amplitude relative to the 
bacterial vibration amplitude (10 nm for the example presented). 

The vibration amplitudes presented, represent the averages over bacterial vibration 
amplitudes from three experiments with separate bacterial cultures. Each 
experiment involved the analysis of the vibration of 10 randomly selected bacteria.  

Zeta Potential Determination of Bacteria and Substratum Surfaces 

Zeta potentials of the four bacterial strains were determined by particulate 
microelectrophoresis (Zetasizer nano-ZS; Malvern Instruments, Worcestershire, UK) 
in low and high ionic strength buffers at pH 6.8.31 To determine the zeta potentials of 
the bare glass surface, streaming potentials were measured in low and high ionic 
strength buffers at pH 6.8.32 Glass surfaces were mounted in a homemade parallel 
plate flow chamber, separated by a 0.1 mm Teflon spacer. A platinum electrode was 
placed at each side of the chamber. Streaming potentials were measured at 10 
different pressures ranging from 50 to 400 mbar. Each pressure was applied for 10 s 
in both directions. Zeta potentials were calculated by linear least-squares fitting of 
the pressure-dependent streaming potentials. 
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Figure 1. (a) Snap-shot image obtained by phase contrast microscopy of S. aureus 8325-4 
adhering on a glass substratum at low ionic strength.  

(b) Concentric elliptic contour lines connecting points of equal greyness levels calculated from 
(a). The red point in the center of the concentric ellipses represents the position of an 
adhering bacterium. Different positions were obtained at different points in time over a 33 s 
time-interval and plotted in a distribution histogram.  

(c) Distribution histogram of the positions of an adhering staphylococcus (black bars) and a 
fixed marker (blue bars) on a glass substratum over a 33 s time-interval, showing Gaussian 
distributions. Vibration amplitudes are taken as the full widths at half maximum of the 
distribution histograms. All bacterial vibration amplitudes reported further on in this paper 
are corrected for vibrations of the fixed marker by subtracting the marker vibration 
amplitudes from the uncorrected bacterial amplitudes. 

(d) Vibration amplitudes, corrected for fixed marker vibrations, of S. mutans LT11 and S. 
aureus 8325-4 adhering on a bare glass substratum at low and high ionic strength. Error bars 
indicate standard deviations over three experiments with separately cultured bacteria. Each 
experiment involves a minimum of 10 randomly selected adhering bacteria. * indicates 
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significant differences (p < 0.05) between vibration amplitudes of both strains.  

(e) DLVO interaction free energy for S. aureus 8325-4 as a function of distance to a glass 
surface.  

(f) Vibration amplitudes as a function of the DLVO interaction free energy at the secondary 
minimum GSM for S. mutans LT11 and S. aureus 8325-4 adhering on a glass substratum at low 
and high ionic strength. Lifshitz-Van der Waals interaction energies were calculated assuming 
identical Hamaker constants for both strains.35,36 Error bars indicate standard deviations over 
three experiments with separately cultured bacteria. 

 
 

Calculation of DLVO Interaction Energies 

Lifshitz-Van der Waals attractive interaction energies (∆𝐺𝑎𝑑ℎ
𝐿𝑊 (𝑦)) as a function of 

distance (y) were calculated using33,34 

                                                              ∆𝐺𝑎𝑑ℎ
𝐿𝑊 (𝑦) =

𝐴𝑠𝑏𝑙𝑟

6𝑦
              (1) 

in which Asbl denotes the Hamaker constant (taken as 5×10-21 J for both strains),35,36 
and r is the bacterial radius (taken as 0.5 µm). Distance dependent electrostatic 
interaction energies were calculated by  

                 ∆𝐺𝑎𝑑ℎ
𝐸𝐿 (𝑦) = 

𝜋𝜀𝜀0𝑟(𝜁𝑏
2 + 𝜁𝑔

2){
2𝜁𝑏𝜁𝑔

𝜁𝑏
2+𝜁𝑔

2 ∗ 𝑙𝑛 [
1+exp(−𝜅𝑦)

1−exp(−𝜅𝑦)
] + ln [1 − 𝑒𝑥𝑝(−2𝜅𝑦)]}            (2) 

in which εε0 denotes the dielectric permittivity of the medium, ζb and ζg the zeta 
potentials of the bacterial cell surface and glass surface, respectively and κ the 
reciprocal Debye length. The total DLVO interaction free energy is the sum of the 
Lifshitz-Van der Waals and electrostatic interactions.  

 

QCM-D Measurements of Adsorbed Protein Film Thickness and Softness  

A multiple-channel Quartz Crystal Microbalance with Dissipation (QCM-D; Q-sense 
E4, Q-sense, Gothenburg, Sweden) was used to measure the thickness and structural 
softness of adsorbed salivary protein and fibronectin films. A silicon dioxide-coated 
crystal was used as a substratum. Before each experiment, the crystals were rinsed 
in 2% (w/v) sodium dodecyl sulfate (SDS) for 15 min, followed by rinsing with ultra-
pure water in a sonicating bath and finally treated with UV/ozone for 15 min to 
achieve a water contact angle of zero degrees. At the start of each experiment, the 
crystal was incubated in low ionic strength buffer under flow until stable base lines 
for both frequency and dissipation were obtained. Subsequently, solutions of salivary 
proteins or of fibronectin with different protein concentrations in high ionic strength 
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buffer were perfused through the QCM-D chamber at a flow rate of 50 L/min, 
roughly corresponding with a shear rate of 3 s-1. Adsorption of salivary proteins was 
pursued for 18 h. This adsorption phase was followed by rinsing for 30 min with low 
ionic strength buffer to remove un-adsorbed salivary proteins, after which the 
thickness and softness of the films were measured. For fibronectin adsorption, 
adsorption was pursued for 2 h, also followed by a rinsing with low ionic strength 
buffer for 30 min. Subsequently, the chamber was perfused with 1% bovine serum 
albumin for 1 min to block the non-specific adhesion sites followed by rinsing with 
low ionic strength buffer after which the thickness and softness of the fibronectin 
films were measured. In order to measure the thickness and softness of the protein 
films after fixation, 2% glutaraldehyde was flowed for 1 min and followed by rinsing 
with low ionic strength buffer before measurement.  

The thickness and softness of the adsorbed protein films were determined using the 
Voigt model provided in the software QTools 3.0 (Q-sense, Gothenburg, Sweden). 
The softness of the films was indicated by the ratio of ∆D3/∆f3 as measured by QCM-
D. All measurements were performed in triplicate with separate protein solutions.  

Statistics 

All experiments were performed in triplicate with separately prepared bacterial 
cultures and adsorbed protein films. All data are presented as means ± standard 
deviations. A Student t-test was used to analyze the significance of differences 
between experimental groups. Differences between data sets were considered 
significant when the p-value was <0.05. 

 

RESULTS AND DISCUSSION 

First, nanoscopic vibrations exhibited by wild-type S. mutans LT11 and S. aureus 
8325-4 were examined when adhering to bare glass surfaces. In absence of adsorbed 
protein films (Figure 1d), vibration amplitudes were higher under low ionic strength 
(0.57 mM) than under high ionic strength (57 mM) conditions, consistent with 
previous results using different bacterial strains of both a Gram-positive and Gram-
negative nature.9 S. mutans LT11 generally exhibited smaller vibration amplitudes 
than S. aureus 8325-4. Considering the influence of ionic strength on the vibration 
amplitudes, we set out to measure the zeta potential of the strains as well as of the 
glass surface under low and high ionic strength conditions (see Table 1). All zeta 
potentials became less negative upon increasing ionic strength and glass had a more 
negative zeta potential than the bacterial strains. Wild-type S. mutans LT11 had a less 
negative zeta potential than its isogenic mutant IB03987 lacking antigen I/II, while 
wild-type S. aureus had a similarly negative zeta potential than its isogenic mutant 
DU5883 lacking fibronectin binding proteins. The influence of electrostatic 
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interactions on bacterial vibration amplitudes was further elaborated by calculating 
the depth and position of the secondary interaction minimum in the DLVO-theory, 
using the measured zeta potentials and assuming similar Hamaker constants (5 × 10-

21 J) for both bacterial strains.35,36 Examples of the DLVO interaction free energy 
between S. aureus 8325-4 and a glass surface as a function of the separation distance 
between the interacting surfaces is shown in Figure 1e for the two ionic strengths. 
Lifshitz-Van der Waals interaction is essentially invariant with ionic strength, but the 
electrical double layer compresses upon increasing the ionic strength therewith 
suppressing the electrostatic interaction at a given separation distance. Accordingly, 
the secondary interaction minimum (GSM) at high ionic strength was found to be 
much deeper and more closely located to the glass surface (8 nm) than at low ionic 
strength (150 nm). Interestingly, vibration amplitudes increased with decreasing 
depth of the secondary interaction minimum. This suggests that the depth of the 
secondary interaction minimum plays an important role in bacterial vibration 
amplitudes on bare glass surfaces (Figure 1f). In the presence of specific ligand-
receptor bonds mediating adhesion of the streptococci or staphylococci to adsorbed 
protein films, no relations between the depths of the secondary interaction minima, 
as calculated using the DLVO theory, and bacterial vibration amplitudes were found 
(data not shown), indicative of an entirely different binding mechanism.  

 

Table 1. Zeta potentials of the bacterial strains and glass surface involved in this study, 
measured at low and high ionic strengths. Bacterial zeta potentials were determined by 
particulate microelectrophoresis in low and high ionic strength buffers (0.57 mM and 57 mM) 
at pH 6.8.30 Zeta potentials of the glass surface were also determined in buffer using a home-
made streaming potential instrument.31 All zeta potentials were determined in triplicate using 
separately prepared bacterial cultures or different glass surfaces. Data are presented as 
averages ± standard deviations. 

Bacterial strain 
ξ(0.57 mM) 

[mV] 
ξ(57 mM) 

[mV] 

S. mutans LT11 -27 ± 2 -4 ± 1* 

S. mutans IB03987 -42 ± 1 -9 ± 0* 

S. aureus 8325-4 -33 ± 1 -14 ± 1* 

S. aureus DU5883  -34 ± 1  -14 ± 1* 

Substratum surface   

Glass -72 ± 4 -24 ± 4* 
 *Significantly different from low ionic strength p < 0.001. 
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Figure 2. (a) Vibration amplitudes of S. mutans LT11 adhering to a salivary protein film 
adsorbed from high ionic strength buffer on a glass surface and an adsorbed salivary film after 
fixation with 2% glutaraldehyde, as well as of streptococci adhering to a salivary film after 
fixation of both the film and the ligand-receptor bond between the bacteria and the film. All 
vibration amplitudes pertain to the low ionic strength buffer. Error bars indicate standard 
deviations over three experiments with separately cultured bacteria. Each experiment 
involves a minimum of 10 randomly selected adhering bacteria. * indicates significant 
differences (p < 0.05) between vibration amplitudes for different conditions of the film and 
bond.  

(b) Schematics of the vibrations of S. mutans LT11 adhering on an adsorbed salivary protein 
film. Vibrations involve stretching of the bond as well as stretching of soft, adsorbed salivary 
proteins (see Table 2). Note that in this schematic presentation we have only drawn one 
ligand-receptor bond, while in reality more bonds exist. 

(c) As in (b), now for a fixed salivary protein film. Vibrations only involve stretching of the 
bond due to cross-linking of the adsorbed proteins (compare Table 2) and are consequently 
smaller than in absence of film fixation. 

(d) As in (b), now for a fixed salivary protein film and bond. Additional fixation of the ligand-
receptor bond only yields a minor contribution to restricting bacterial vibrations. 

 

 

Vibration amplitudes of S. mutans LT11 on a saliva-coated glass surface in the low 
ionic strength buffer were significantly higher than on bare glass (compare Figures 
1d and Figure 2a). QCM-D analysis of adsorbed salivary proteins films on glass 
demonstrated that these films were relatively thick and soft compared to the 
fibronectin layer thickness and softness (see Table 2). A softness of 0.11 x 10-6 for a 
film of different, adsorbed serum proteins on a SiO2-coated crystals was measured 
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by Tymchenko et al., 38 which is smaller than of our adsorbed salivary protein films 
but in the same order of magnitude especially considering that both films are 
comprised of different proteins. Layer thickness and softness contribute to the 
degrees of motional freedom (stretching and wobbling) of adsorbed proteins, which 
suggests that the adsorbed salivary proteins contribute to higher vibration 
amplitudes of the adhering streptococci (Figure 2b). This suggestion is confirmed by 
the observation that adsorbed salivary protein films crosslinked by fixation with 2% 
glutaraldehyde to limit their degree of motional freedom leads to smaller 
streptococcal vibration amplitudes (from 79 nm to 11 nm; Figures 2a and 2c). Note 
that whereas the softness of adsorbed salivary films is significantly reduced upon 
crosslinking, the thickness of adsorbed salivary films is hardly affected (see also Table 
2 and Supplementary information Figure S2). Finally, bacteria adhering to salivary 
films and the film itself were both fixed with glutaraldehyde, yielding a further, but 
small reduction in vibration amplitude from 11 nm to 8 nm (Figure 2a and 2d). This 
implies that vibration amplitudes of streptococci adhering to salivary films through 
specific ligand-receptor binding are governed by interplay of the softness of the 
adsorbed protein film and a minor contribution of the viscoelasticity of the bond 
itself to the vibration amplitudes. The relatively minor influence of the bond itself is 
confirmed by the observation that the vibration amplitude of the mutant strain 
IB03987 lacking antigen I/II, is less than of the wild-type strain. The wild-type strain 
binds through a viscoelastic bond with the protein film, that subsequently 
contributes to the vibration amplitude. The strain not able of ligand-receptor binding 
will sink into the soft salivary protein film restricting its vibrations (see Table 3). 
Antigen I/II plays an important role in specific adhesion21 and a 30-fold higher 
number of streptococci with antigen I/II were found adhering to a salivary coated 
glass surface than for a strain without antigen I/II. Based on adhesion force 
measurements, it was estimated that the density of antigen I/II on S. mutans LT11 is 
between 15x103 to 75x103 binding sites over an entire bacterial cell surface, arranged 
along structural surface features.39 Immuno-electron microscopy gold-labeled 
antigen I/II images confirm a high density of antigen I/II on the outer surface of the 
wild-type strain.40  

Similar experiments in the low ionic strength buffer were subsequently carried out 
with S. aureus 8325-4 adhering to adsorbed fibronectin films in order to determine 
whether the above conclusion on the role of film thickness, softness and 
viscoelasticity of the bond also pertains to an entirely different ligand-receptor 
system. Fibronectin was adsorbed from solutions of different concentrations (25 

g/mL, 100 g/mL and 250 g/mL). Fibronectin is a tubular protein with a length of 
approximately 15.5 nm and diameter of 8.8 nm, yielding an axial ratio of around 2.41 
This axial ratio of around 2 coincides with the ratio between adsorbed fibronectin 
film thicknesses observed in QCM-D measurements at different fibronectin 
concentrations (Table 2): a film thickness of 5 nm (comparable with the diameter of 

the protein) was found at the lowest protein concentration in solution (25 g/mL) 
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likely representative for side-on adsorption, while the film thickness doubled in 
accordance with the axial ratio at the higher fibronectin concentrations (100 and 250 

g/mL). This strongly suggests the development of a layer of end-on oriented 
adsorbed fibronectin molecules at the higher concentrations. Importantly, adsorbed 
fibronectin films were all relatively stiff to the extent that crosslinking by fixation in 
glutaraldehyde hardly reduced their softness (see also Table 2). The fibronectin layer 
is relatively stiff compared to the salivary protein layer due to a well-structured 
monolayer yielding little degree of motional freedom. A similarly small softness of 
0.06 x 10-6 for a fibronectin film adsorbed from a 10 µg/ml fibronectin solution in 
phosphate buffered saline on a SiO2-coated crystals was measured by Tymchenko et 
al.38 

 

Table 2. The thicknesses and softnesses of adsorbed films of salivary proteins and fibronectin 
on silicon dioxide QCM-D crystals prior to and after fixation with 2% glutaraldehyde during 60 
s. Salivary proteins were adsorbed from a high ionic strength buffer (57 mM, pH 6.8) 
containing 1.5 mg/mL of freeze-dried salivary proteins, approximately the protein content of 
natural saliva.37 Fibronectin was also adsorbed from a high ionic strength buffer with different 
fibronectin concentrations. Data were derived from dissipation and frequency shifts 
measured at multiple overtones in a low ionic strength buffer (0.57 mM) in which also 
bacterial vibration spectroscopy was carried out. Data represent averages ± standard 
deviations over three independent experiments. 

Adsorbed film 
type 

Thickness 
 
 

[nm] 

Thickness 
after fixation 

 
[nm] 

Softness 
∆D3/∆f3 

 
[10-6] 

Softness 
∆D3/∆f3 

after fixation 
[10-6] 

Salivary 
proteins (1.5 

mg/mL) 
41 ± 17 40 ± 16 0.38 ± 0.04 0.33 ± 0.03** 

Fibronectin  

(25 g/mL) 
    5 ± 3     4 ± 2 0.02 ± 0.02 0.00* 

Fibronectin  

(100 g/mL) 
    9 ± 1 8 ± 0** 0.02 ± 0.02 0.00* 

Fibronectin  

(250 g/mL) 
10 ± 2  8 ± 1   0.02 ± 0.03   0.00* 

* Negative dissipation values were taken as zero. 
** Significantly different from before fixation at p < 0.05. 
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Figure 3. (a) Vibration amplitudes of S. aureus 8325-4 adhering to a fibronectin film adsorbed 
on a glass surface and an adsorbed fibronectin film after fixation with 2% glutaraldehyde, as 
well as of staphylococci adhering to a fibronectin film after fixation of both the film and the 
ligand-receptor bond between the bacteria and the film. Fibronectin was adsorbed from 
solutions of different protein concentrations in high ionic strength buffer. All vibration 
amplitudes pertain to the low ionic strength buffer. Error bars indicate standard deviations 
over three experiments with separately cultured bacteria. Each experiment involves a 
minimum of 10 randomly selected adhering bacteria. * indicates significant differences (p < 
0.05) between vibration amplitudes for different conditions of the film and bond. 

(b) Schematics of vibrations of S. aureus 8325-4 adhering on an adsorbed fibronectin film 
(side-on configuration for low concentration fibronectin solution; end-on configuration for 
high concentration solution). Vibrations involve predominantly stretching of the bond and not 
of the relatively stiff, adsorbed fibronectin film (see Table 2). Note that in this schematic 
presentation we have only drawn one ligand-receptor bond, while in reality more bonds exist. 

(c) As in (b), now for a fixed adsorbed fibronectin film. Vibrations are not affected by fixation 
of the fibronectin film as adsorbed fibronectin films are relatively stiff, regardless of fixation 
(compare Table 2).  

(d) As in (b), now for a fixed adsorbed fibronectin film and bond. Fixation of the ligand-
receptor bond severely restricts staphylococcal vibrations. 
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Table 3. Summary of vibration amplitudes (nm) of the streptococcal and staphylococcal 
strains included in this study on adsorbed salivary protein and fibronectin films in absence of 
crosslinking. Experiments were only done for bacterial strains viz a viz the protein film for 
which they possess specific ligands. 

Bacterial strain Saliva 
Fn 

(25 g/mL) 

Fn 

(100 g/mL) 

Fn 

(250 g/mL) 

S. mutans LT11 79±70 - - - 

S. mutans IB03987 30±30 - - - 

S. aureus 8325-4 - 21 ± 32 26 ± 27 44 ± 59 

S. aureus DU5883 - 38 ± 48 60 ± 59 80 ± 96 

 

 

Staphylococcal vibration amplitudes increased with fibronectin concentration in 
solution, probably as a result of the change from side-on to end-on adsorption of 
fibronectin upon increasing its concentration (Figures 3a and 3b). Since the adsorbed 
fibronectin films are relatively stiff already in their native state, with little impact of 
crosslinking, no change in vibration amplitudes was observed upon crosslinking of 
the films (Figures 3a and 3c). As a major difference with the ligand-receptor binding 
system of streptococci adhering on salivary protein films, fixation of adhering 
staphylococci on fibronectin films yielded a major decrease in vibration amplitude 
(Figure 3a) due to crosslinking of the fibronectin binding proteins on the 
staphylococcal cell surfaces constituting the ligand-receptor bond with the relatively 
stiff adsorbed fibronectin film (Figure 3d). The lack of any contribution of the hard 
film towards the staphylococcal vibration in absence of ligand-receptor binding is 
confirmed by the observation that isogenic mutant DU5883 lacking fibronectin 
binding proteins had a higher vibration amplitude than the wild-type strain (see Table 
3).  

 

 

CONCLUSIONS 

In conclusion, nanoscopic vibrations exhibited by bacteria adhering to adsorbed 
proteinaceous conditioning films involve both the viscoelasticity of the bond as well 
as the softness of the adsorbed protein film. Bacterial bonds with a substratum have 
been demonstrated important in the interaction of bacteria adhering on substratum 
with their susceptibility for antimicrobial peptides.42 Salivary films are relatively soft 
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and have a dominant influence on the vibration amplitudes of adhering streptococci 
compared to the viscoelasticity of the antigen I/II ligand-receptor bond through 
which the streptococci adhere. Adsorbed fibronectin films are relatively stiff and do 
not contribute to vibration amplitudes of adhering staphylococci, that are governed 
by the viscoelasticity of the fibronectin binding proteins on the staphylococcal cell 
surface mediating their adhesion to fibronectin films. These findings constitute the 
first results to reveal the effects of Brownian motion forces of bacteria adhering to 
adsorbed protein films and help to understand their role in the viscoelastic process 
of bacterial attachment and detachment10 and the kinetics and mechanism of action 
of antimicrobial peptides on bacteria.42 

 

SUPPORTING INFORMATION 

Differential infrared spectrum of a glutaraldehyde crosslinked versus an untreated 
salivary protein film and softnesses and thicknesses of adsorbed salivary protein 
films crosslinked for different time periods measured with QCM-D.  
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SUPPORTING INFORMATION 

 

 

Supplementary Figure S1. Differential infrared spectrum of a fixed versus an unfixed salivary 
protein film obtained using attenuated total reflectance Fourier transform infrared 
spectroscopy. The infrared spectrum shows the difference between the spectrum of adsorbed 
salivary proteins on a Germanium prism prior to crosslinking and after 60 s crosslinking with 
2% glutaraldehyde. The absorption band at 1076 cm-1 indicates the presence of glycosylated 
proteins and phosphorus-containing compounds. The absorption band at 1660 cm-1 and 1550 
cm-1 are usually identified in proteins and characterize C=O (amide I) stretching and NH 
(amide II) bending vibrations.1 The negative values indicate tighter binding for the molecule 
groups indicated due to crosslinking.  

1. Khaustova, S.; Shkurnikov, M.; Tonevitsky, E.; Artyushenk, V.; Tonevitsky, A. 
Noninvasive biochemical monitoring of physiological stress by Fourier transform 
infrared saliva spectroscopy. Analyst 2010, 135, 3183-3192. 
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Supplementary Figure S2. The softnesses and thicknesses of adsorbed salivary protein films 
on silicon dioxide QCM-D crystals prior to and after crosslinking with 2% glutaraldehyde for 
10 s, 60 s and 120 s, followed by rinsing with low ionic strength buffer. Salivary proteins 
were adsorbed from a high ionic strength buffer (57 mM, pH 6.8) containing 1.5 mg/mL of 
freeze-dried salivary proteins. Data were derived from dissipation and frequency shifts 
measured at multiple overtones in a low ionic strength buffer (0.57 mM) in which also 
bacterial vibration spectroscopy was carried out. Data represent averages ± standard 
deviations over three independent experiments.  
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Chapter 4 

Mouthrinses influence bond stiffness and detachment of oral 
bacteria 
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ABSTRACT 

Oral biofilm can never be fully removed by any oral hygiene measure. Biofilm-left-
behind after brushing is often left behind on the same sites and exposed multiple 
times to antimicrobials from toothpastes and mouthrinses, after which its removal 
becomes increasingly difficult. Based on this observation, we hypothesize that oral 
bacteria adhering to salivary-conditioning films become more difficult to remove 
after exposure to antimicrobials due to stiffening of their adhesive bond. In order to 
verify this hypothesis, bacteria adhering to bare and saliva-coated glass were 
exposed to three different mouthrinses (containing: chlorhexidine-digluconate, 
cetylpiridinium-chloride or amine-fluoride), after which bacterial vibration 
spectroscopy was carried out or a liquid-air interface was passed over the adhering 
bacteria to stimulate their detachment. We first determined Brownian motion-
induced nanoscopic vibration amplitudes of four oral streptococcal strains, reflecting 
their bond stiffness. Exposure to either of the selected mouthrinses yielded more 
positively charged bacteria by particulate microelectrophoresis, exhibiting smaller 
vibration amplitudes due to stiffening of their adhesive bond. Concurrently, the 
percentage detachment of the adhering bacteria upon the passage of a liquid-air 
interface decreased after exposure to mouthrinses. A buffer control left both 
vibration amplitudes and detachment percentages unaffected. To rule out that 
exposure of adhering bacteria to the mouthrinses stimulated polysaccharide 
production with an impact on their detachment, Fourier-transform-infrared-
spectroscopy was carried out on bacteria adhering to an internal reflection element, 
prior to and after exposure to the antimicrobials. IR absorption band areas indicated 
no change in amount of polysaccharides after exposure of adhering bacteria to 
mouthrinses, but wave number shifts demonstrated stiffening of polysaccharides in 
the bond, as a result of which vibration amplitudes decreased and detachment 
became more difficult. These findings confirm our hypothesis that adhesive bond 
stiffening between oral bacteria and surfaces occurs upon exposure to oral 
antimicrobials leading to more difficult removal of the adhering bacteria. 
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INTRODUCTION 

Despite major improvements in the design of toothbrushes and other mechanical 
means to remove oral biofilm and advanced antibacterial toothpaste and mouthrinse 
formulations, complete removal of oral biofilm is beyond reach for most people. On 
estimate, maximally 57% of oral biofilm is removed in a single powered brushing.1 
Whereas on one hand, oral biofilm left-behind has been demonstrated to act as an 
intra-oral reservoir for fluorides2 and antimicrobials,3 biofilm even when comprised 
of dead bacteria, also serves as a substratum for new bacteria to adhere to.4 Biofilm-
left-behind after brushing is often left behind on the same sites in the oral cavity and 
exposed multiple times to oral antimicrobials from toothpastes and mouthrinses. 
Staphylococcal biofilms are known to become more difficult to remove after 
exposure to certain antimicrobials5 and also older oral biofilms are said to be more 
difficult to remove.6 

Both adhesion of oral biofilm to hard and soft tissues, as well as the cohesion of oral 
biofilm is established through attractive Lifshitz-Van der Waals forces, complemented 
with acid-base and electrostatic interactions, the latter implying an impact of ionic 
strength.7, 8 Biofilm is attached to oral surfaces through the bond of initial colonizers 
with the substratum surfaces. This bond is not rigid, but viscoelastic in nature which 
offers protection against mechanical challenges.9 The viscoelastic nature of the bond 
becomes evident from Brownian motion-induced nanoscopic vibrations exhibited by 
adhering bacteria.10 Brownian motion forces drive an adhering bacterium away from 
its equilibrium position after which it is pulled back by the elastic component of the 
bond while movement is retarded by the viscous bond component. The existence of 
Brownian motion-induced vibrations has been described for inert polystyrene 
particles11 and red blood cells12 but has been neglected hitherto for adhering bacteria. 
Yet, bacterial vibration spectroscopy has revealed interesting features with respect 
to the viscoelasticity of the adhesive bond between bacteria and surfaces. Increasing 
densities of fibrillar surface appendages and amounts of extra-cellular polymeric 
substances for instance, lead to lower vibration amplitudes, i.e. larger spring 
constants of the bond.10 

In this paper, we hypothesize that oral bacteria adhering to salivary conditioning films 
become more difficult to remove after exposure to antimicrobials due to stiffening 
of the adhesive bond. In order to verify this hypothesis, we first aim to determine 
Brownian motion-induced nanoscopic vibration amplitudes, reflecting the bond 
elasticity, of four oral bacterial strains adhering on bare and saliva-coated glass 
surfaces and relate these vibration amplitudes with the percentage detachment of 
the adhering bacteria upon application of an externally applied force, constituted by 
a passing liquid-air interface.13 Adhering bacteria were exposed to three different 
oral mouthrinses, containing either chlorhexidine-digluconate, cetylpyridinium-
chloride or amine-fluoride, after which bacterial vibration spectroscopy was carried 
out or a liquid-air interface was passed over the adhering bacteria to stimulate their 
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detachment. In addition, changes in bacterial cell surface charge and bond 
composition were measured using particulate microelectrophoresis and attenuated 
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), respectively. 

 

MATERIALS & METHODS 

Bacterial Strains and Culture Conditions 

Four oral bacterial strains were involved in this study: Streptococcus mutans 
ATCC10449, Streptococcus mutans ATCC 25175, Streptococcus oralis ATCC 35037 and 
Streptococcus sanguinis ATCC 10556. S. mutans ATCC10449 were cultured aerobically 
at 37°C on brain-heart infusion broth (BHI; OXOID, Basingstoke, United Kingdom) agar 
plates, while S. mutans ATCC25175, S. oralis ATCC35037 and S. sanguinis ATCC 10556 
bacteria were cultured on Todd Hewitt broth (THB; OXOID, Basingstoke, United 
Kingdom) agar plates. Single colonies were selected and used to inoculate 10 mL BHI 
or THB liquid medium and this pre-culture was grown for 24 h at 37°C. Each pre-
culture was used to inoculate a main-culture in 190 mL medium for another 16 h 
under identical conditions. Bacteria were harvested by centrifugation (5000 g, 5 min, 
10°C) and washed twice with buffer (0.50 mM potassium chloride, 0.02 mM 
potassium phosphate and 0.01 mM calcium chloride, pH 6.8). To break aggregates, 
bacterial suspensions were sonicated at 30 W while cooling in an ice/water bath. 
Finally, S. mutans ATCC10449, S. mutans ATCC 25175 and S. oralis ATCC 35037 were 
suspended in buffer to a concentration of 3 × 108 bacteria per mL as determined 
using a Bürker-Türk counting chamber. S. sanguinis ATCC 10556 was suspended in a 
lower concentration (3 × 106 bacteria per mL), because the strain adheres in much 
higher numbers than the other three strains selected. 

Antimicrobials 

Three commercially purchased mouthrinses were used, containing 2000 ppm 
chlorhexidine digluconate (CHX; Corsodyl® , SmithKline Beecham Consumer Brands 
B.V., Rijswijk, The Netherlands), 200 ppm cetylpyridinium chloride (CPC; Crest® Pro 
Health, Procter & Gamble, Cincinnati, USA) or 250 ppm Olaflur (AmF; Elmex® , Gaba, 
Lorrach, Germany).  

Glass Substratum and Adsorption of a Salivary Conditioning Film 

Experiments were done on glass slides (7.6 × 2.6 × 0.1 cm, Menzel-Glaser, Menzel 
Gmbh& Co KG, Germany) and glass slides with an adsorbed salivary conditioning film 
to mimic saliva-coated enamel. Enamel surfaces were impossible to use in bacterial 
vibration spectroscopy and although glass is slightly more hydrophilic than enamel, 
studies have shown that once coated with a salivary film it behaves similar with 
respect to interactions with oral bacteria as do saliva-coated enamel surfaces.14 
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Saliva was prepared from a stock of human whole saliva from at least 20 healthy 
volunteers of both genders, collected into ice-cooled beakers after stimulation by 
chewing Parafilm®,15 and subsequently pooled, centrifuged, dialyzed and lyophilized 
for storage. Prior to lyophilization, phenylmethyl sulfonyl fluoride was added to a 
final concentration of 1 mM as a protease inhibitor in order to reduce protein 
breakdown. Freeze-dried saliva (1.5 mg/mL) was dissolved in a high ionic strength 
buffer (50 mM potassium chloride, 2 mM potassium phosphate and 1 mM calcium 
chloride, pH 6.8) and will be referred to in this chapter as “saliva”. All volunteers gave 
their informed consent to saliva donation, in agreement with the guidelines set out 
by the Medical Ethical Committee at University Medical Center Groningen, 
Groningen, The Netherlands (letter 06-02-2009). Prior to salivary protein adsorption, 
glass slides were cleaned in 2% RBS (Chemical Products R. Borghgraef S.A., Brussels, 
Belgium) in an ultrasonic bath and rinsed with methanol and water. For experiments 
on saliva-coated glass surfaces, cleaned glass slides were immersed in saliva for 18 h 
at 4°C to create a salivary conditioning film and rinsed in buffer. All glass slides were 
used for experiments immediately after cleaning or formation of a salivary 
conditioning film. 

Detachment of Adhering Bacteria 

Bacterial detachment was measured in a parallel plate flow chamber (175 × 17 × 0.75 
mm) with the top and bottom plate made out of glass slides positioned on the stage 
of a phase contrast microscope (BH2-RFCA, Olympus Optical Co.,Tokyo, Japan), 
equipped with a CCD camera (A101F, Basler AG, Ahrensburg, Germany) for real time 
observation of adhering bacteria. Before each experiment, all tubes and flow 
chamber were filled with buffer. After removal of all air bubbles from the tubings and 
flow chamber, a bacterial suspension was perfused through the system at a shear 
rate of 10 s-1 for 1 h at room temperature. 10 s-1 represents a moderate oral shear.16 
Subsequently, medium was perfused through the system for 2 h to stimulate 
metabolic activity of the adhering bacteria after which buffer was perfused through 
the system at the same shear rate of 10 s-1 to remove all planktonic bacteria. To 
expose the adhering bacteria to antimicrobials, the chamber was perfused with 
different mouthrinses for 1 min or buffer as a control, rinsed with buffer for 15 min 
after which an 0.5 mL air bubble, spanning the width of the flow chamber was 
injected in the tube with the aid of a syringe and passed over the substratum surface 
along with the flow. The number of adhering bacteria just before and after air bubble 
passage was enumerated using a home-made image analysis program based on 
Matlab (Matlab, The MathWorks, Natick, MA) and used to calculate a percentage 
bacterial detachment. 

Bacterial Vibration Spectroscopy 

For bacterial vibration spectroscopy, bacteria were allowed to adhere to the bottom 
plate of the parallel plate flow chamber as described above, including exposure to 
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mouthrinses or the buffer control, after which flow was arrested for 15 min and 
bacterial vibration amplitudes were measured under stagnant conditions. Sixty 
consecutive images per second were recorded of adhering bacteria over a total time 
period of 33 s (1998 frames). Next to recording the bacterial positions, the position 
of a fixed black marker on the glass slide was recorded. Along the lines of equal pixel 
grey-values within the image of a single bacterium, a series of concentric elliptic 
contour lines were constructed, the center position of which was defined as the 
temporary position of the bacterium. The variation in positions observed over time 
served to analyze their trajectory and vibration amplitudes. As an example, typical 
vibration trajectories observed are shown in Figure 1 after 50, 100, 1000 and 1998 
frames. The corresponding distributions of displacements were shown below the 
trajectories, the origin of which was defined as the average bacterial position 
observed within 1998 frames. The distribution of bacterial positions over time within 
1998 frames was fitted to a Gaussian distribution. The vibration amplitude of an 
adhering bacterium was taken as the half width at half maximum (Figure 1) of this 
Gaussian distribution. Next, in order to account for possible vibrations of the building 
or microscope, the vibration amplitude of the fixed marker was subtracted from the 
uncorrected vibration amplitude calculated for adhering bacteria to yield the 
bacterial vibration amplitudes reported. All vibration amplitudes presented, 
represent the average of bacterial vibration amplitudes from three experiments with 
separate bacterial cultures, each comprising analysis of the vibrations of at least 10 
randomly selected bacteria.  

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 

ATR-FTIR spectroscopy (Cary 600 series FT-IR Spectrometer, Agilent Technologies, 
Santa Clara, USA) was carried out to analyze changes in chemical composition of the 
bond. The ATR-FTIR spectrometer used is equipped with a flow chamber, of which 
one wall is constituted by a Germanium internal reflection element with an angle of 
incidence of 45 degrees (Agilent Technologies). Bacteria were allowed to adhere to 
the reflection element as described above, after which absorption spectra were 
collected over the wavelength range of 4500 cm− 1 to 400 cm− 1. Each sample was 
scanned 12 times with 4 cm− 1 resolution. One series of spectra was taken 30 min 
after the last buffer perfusion, while another series of spectra was taken after 
mouthrinse exposure and buffer rinse. A background scan representing the internal 
reflection element in buffer was subtracted from the spectra taken for the adhering 
bacteria. Next, a Gaussian curve was fitted through the polysaccharide absorption 
band and wave number of the fitted peak was determined. The polysaccharide 
absorption band area was determined by an integral calculus of the area under the 
curve.   
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Figure 1. Time series of spatial positions and trajectories of S. mutans ATCC25175 in buffer on 
glass. Time frames for the consecutive figures were 50, 100, 1000 and 1998 frames, 
corresponding to 0.83, 1.66, 16.66 and 33.3 s. Positions of a single adhering bacterium were 
plotted in histograms, along with the positions of a fixed black marker on the substratum to 
yield the distribution histograms presented in the bottom row. The displacement distribution 
observed after 1998 frames fitted well with a Gaussian distribution, the half width at half 
maximum was taken as the uncorrected vibration amplitude of an adhering bacterium. All 
vibration amplitude reported in this paper are corrected for building vibrations by subtracting 
the vibration amplitude of the fixed black marker, which were in the present example very 
small relative to the bacterial vibration amplitude.  

 

Particulate Microelectrophoresis   

Zeta potentials of the four bacterial strains were determined by particulate 
microelectrophoresis (Zetasizer nano-ZS, Malvern Instruments, Worcestershire, UK) 
in buffer. To determine the zeta potentials of bacteria after exposure to 
antimicrobials, 30 mL of each mouthrinse or a buffer control was added during the 
first washing step after culturing, removing the mouthrinse components during the 
next washing and harvesting (see above). Next the electrophoresis chamber was 
filled with a bacterial suspension and electrophoretic mobilities measured. 
Eletrophoretic mobilities were expressed in zeta potentials, assuming the Helmholtz-
Smoluchowski equations holds.17 All zeta potentials reported represent averages 
over triplicate experiments with separately cultured bacteria. 

Statistics 

All experiments were performed in triplicate with separately prepared bacterial 
cultures. All data are presented as means ± standard deviations. A Student t-test was 
used to analyze the significance of differences between experimental groups. 
Differences between data sets were considered significant when the P-value was < 
0.05. 
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RESULTS 

All bacterial strains involved in this study possessed a negative zeta potential that 
became more positive upon exposure to oral mouthrinse components across all four 
strains (Table 1). A CHX containing mouthrinse had the smallest effect on bacterial 
zeta potentials, while exposure to the AmF containing mouthrinse compensated the 
negative zeta potential most strongly, regardless of the strain considered. 

 

Table 1. Zeta potentials of the four bacterial strains included in this study as measured in 
buffer (0.5 mM potassium chloride, 0.02 mM potassium phosphate and 0.01 mM calcium 
chloride, pH 6.8) prior to and after exposure to mouthrinses with selected oral antimicrobials. 
For control, bacteria were exposed to buffer. Exposure to oral antimicrobials yielded 
significantly less negative zeta potentials as compared with exposure to buffer for all four 
strains at p ˂ 0.05 (Student t-test). 

Bacterial strains 

Adhesion 
buffer 

[mV] 

CHX 

[mV] 

CPC 

[mV] 

AmF 

[mV] 

S. oralis ATCC35037 -33 ± 6 -21 ± 6 -3 ± 4 -8 ± 3 

S. sanguinis ATCC10556 -21 ± 3 -12 ± 3 -5 ± 3 -5 ± 8 

S. mutans ATCC25175 -35 ± 1 -23 ± 3 1 ± 8 -8 ± 3 

S. mutans ATCC10449 -34 ± 3 -22 ± 2 -30 ± 2 -1 ± 6 

 

 

Bacteria prior to exposure to mouthrinses exhibited the largest vibration amplitudes 
up to 80 nm (Figure 2), while after mouthrinse exposure vibration amplitudes were 
generally lower than 10 nm. Exposure to mouthrinses had strong effects on bacterial 
detachment upon passing a liquid-air interface over the adhering bacteria, both 
when adhering to bare glass as well as when adhering to a salivary conditioning film. 
The percentage bacterial detachment increased with Brownian motion-induced 
bacterial vibration amplitudes for bacteria adhering to bare glass and salivary 
conditioning films. This indicates that Brownian motion forces assist bacterial 
detachment. Note that the influence of vibration amplitude on bacterial detachment 
was less pronounced for bacteria adhering to a salivary conditioning film than for 
bacteria adhering to bare glass (compare Figures 2a and 2b). LIVE-DEAD staining of 
adhering bacteria after exposure to mouthrinses and microscopic examination 
showed bacterial cell wall damage (red-staining),18 but bacteria remained 
microscopically intact, regardless of the strain or mouthrinse considered (data not 
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shown). 

ATR-FTIR absorption spectra showed the most prominent changes upon exposure of 
adhering bacteria in the polysaccharide wave number region (873-1200 cm-1) and the 
protein wave number region including the Amide II (1498-1589 cm-1) and Amide I 
(1589-1700 cm-1) absorption bands (see Figure 3 for an example). Despite significant 
changes in Amide II and Amide I absorption bands, no consistent pattern was 
observed and therefore the remainder of our analysis of the ATR-FTIR spectra is 
confined to the polysaccharide absorption band region. Note that due to 
experimental restrictions, ATR-FTIR cannot be done on glass surfaces but necessarily 
has to be carried out on a Ge internal reflection element, while detachment 
percentages were determined on glass. However, both glass and Ge surfaces are 
negatively charged with a similar hydrophilicity19, 20 and there is no reason to assume 
that effects of exposure to mouthrinses will have different effects on the bond when 
formed with Ge or glass. Both on bare as well as on saliva-coated reflection elements, 
polysaccharide absorption band areas remained similar upon exposure to 
mouthrinses, indicating that the prevalence of polysaccharides in the interfacial 
region between an adhering bacterium and the substratum did not change upon 
mouthrinse exposure (Figures 4a and 4b). In contrast, the wave number of the 
polysaccharide absorption bands increased considerably by 14-56 cm-1, depending 
on the strain and mouthrinse used. Upward wave number shifts of IR absorption 
bands are indicative of increased stiffening of the molecular group under 
consideration. Accordingly, smaller upward shifts in wave number of the 
polysaccharide absorption bands correlated with higher bacterial detachment 
percentages (Figures 4c and 4d), indicating that less polysaccharide bond stiffening 
yields more detachment. Note that the correlation between wave number shift and 
bacterial detachment holds both for bare glass surfaces (Figure 4c) as well as for an 
adsorbed salivary film (Figure 4d). 
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Figure 2. Vibration amplitudes (log-units) of adhering bacteria as a function of detachment 
percentages observed for four bacterial strains after exposure to three different mouthrinses, 
containing selected antimicrobials and a buffer control as a function of the percentage 
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detachment stimulated by a passing liquid-air interface. The inset schematically explains how 
the passage of a liquid-air interface over an adhering bacterium can yield bacterial 
detachment.13 If the total surface tension force Fγ resulting from the liquid-air interfacial 
tension γlv acting over the circumference of an adhering bacterium exceeds the adhesion 
force FA, an adhering bacterium will detach under the influence of a passing liquid-air 
interface. Note that during passage, the height where the surface tension acts, differs and 
hence the circumference over which it acts. Also, effects will depend on the hydrophobicity 
of the cell surface, expressed in the graph by the contact angle Θ. 

(a) detachment from a bare glass substratum (linear correlation coefficient 0.60), 

(b) detachment from a salivary conditioning film (linear correlation coefficient 0.15).  

For vibration amplitude measurements, three experiments were done with separately 
cultured bacteria, each experiment comprising a minimum of 10 randomly selected adhering 
bacteria. The solid line shows the prediction line of the correlation based on an assumed 
linear regression and the dashed lines represent the 95% confidence interval. Vertical error 
bars indicate standard deviations over 30 different bacteria from three experiments with 
separately grown cultures, while horizontal error bars represent the standard deviations over 
triplicate experiments with separate bacterial cultures.   

 

 

 

Figure 3. Example of an FTIR spectrum of S. sanguinis ATCC10556 adhering to an ATR internal 
reflection element prior to and after exposure to an cetylpyridinium chloride containing 
mouthrinse over the wave length range comprising the most important changes in absorption 
peaks. 
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Figure 4. Percentage detachment of different oral bacterial strains from bare glass surfaces 
and glass surfaces with an adsorbed salivary film as a function of the polysaccharides 
absorption band area (a and b) and wave number (c and d) upon exposure buffer and to 
mouthrinses comprising different antimicrobials. A higher wave number means a shift in the 
polysaccharide bonds to “stiffer” bonds upon exposure. 

Polysaccharide absorption band area versus bacterial detachment:  

(a) from a bare glass substratum (linear correlation coefficient 0.17), 

(b) from a salivary conditioning film (linear correlation coefficient 0.22).  

Polysaccharide absorption band wave number versus bacterial detachment: 

(c) from a bare glass substratum (linear correlation coefficient 0.78), 

(d) from a salivary conditioning film (linear correlation coefficient 0.71).  

The solid line shows the prediction line of the correlation based on an assumed linear 
regression and the dashed lines represent the 95% confidence interval. Error bars indicate 
standard deviations over three experiments with separately grown cultures. 

 

 
DISCUSSION 

The results presented confirm our hypothesis that oral bacteria adhering to salivary 
conditioning films become more difficult to remove after exposure to antimicrobials 
due to stiffening of the polysaccharide bond. Stiffening of the bond was inferred from 
bacterial vibration spectroscopy and ATR-FTIR, while particulate 
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microelectrophoresis showed that bond stiffening is caused probably by adsorption 
of positively charged moieties from the mouthrinses to the bacterial cell surface. We 
chose to use a passing liquid-air interface as a stimulus for detachment of adhering 
bacteria, as also occurring during non-contact powered tooth brushing,21 use of a 
water floss22 and as a result of naturally passing fluids and salivary flow in the oral 
cavity. Although amide bonds were also affected by exposure of adhering bacteria to 
mouthrinses, no consistent patterns in amide bond changes with respect to bacterial 
detachment were found. This concurs with the general notion that EPS, most notable 
polysaccharides govern the ease of bacterial detachment from surfaces.23-26 
Enhanced EPS production by adhering staphylococci as a defense action against 
antibiotics was observed,27 but absence of any changes in IR absorption band areas 
due to mouthrinse exposure indicate no such effects for the strains used here. The 
bacteria cannot produce any EPS because they are not exposed to growth media. 
This confirms that a more difficult detachment of adhering bacteria is due to 
polysaccharide bond stiffening and not to increasing amounts of EPS produced upon 
mouthrinse exposure. 

Zeta potentials as compiled in Table 1 clearly indicate that exposure to the CHX 
containing mouthrinse yields less negative charge compensation in the outermost 
bacterial surface17 than observed after exposure to CPC or AmF containing 
mouthrinses. CHX differs from the two cationic antimicrobials CPC and AmF in the 
position of the positive charge on the molecule. Both AmF and CPC have their charges 
at the end of the molecule, making them more stoichiometrically available than CHX 
which has its positive charge in the center of the molecule. Although exposure of the 
adhering bacteria to the mouthrinses yielded cell wall damage, often interpreted as 
cell death, this is of little importance in the context of the present study. Bacterial 
cell surfaces become more positively charged upon exposure to the mouthrinses 
whether killed or not (bacterial death is hard if not impossible to demonstrate 
anyway),28 but visibly intact, cell wall damaged bacteria remain adhering to the 
substratum surfaces acting as a substratum for new bacteria to adhere to.4 Being 
dead or alive has no impact on Brownian motion-induced vibrations, that depend 
solely on the thermal energy a colloidal particle possesses causing its random motion, 
that is restricted for adhering particles on a surface by the elasticity of the bond. 
Elastic forces opposing Brownian motion forces therewith control the amplitude of 
the vibrations which were previously found for biotic12,10 as for abiotic ones.11 It is 
likely that not only polysaccharides in the outermost bacterial cell surfaces are 
affected by exposure to mouthrinse components, but also polysaccharides in deeper 
cell wall layers, since ATR-FTIR with a far larger depth of information in the micro-
meter range than particulate microelectrophoresis,17 showed clear effects on 
polysaccharide stiffness as inferred from IR wave number shifts. 
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CONCLUSIONS 

In conclusion, we have demonstrated using bacterial vibration spectroscopy and ATR-
FTIR that oral bacteria adhering to salivary conditioning films become more difficult 
to remove after exposure to antimicrobial containing mouthrinses due to stiffening 
of the polysaccharide bond as caused by both adsorption of positively charged 
moieties from the mouthrinses to the bacterial cell surface. 
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Chapter 5 

Brownian motion position map patterns of adhering bacteria 
under flow and static conditions for different bacterial strains 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L. Song, J. Sjollema, H.C. van der Mei, H.J. Busscher.  

 

 

 



72 
 

ABSTRACT 

Brownian motion induces vibration of adhering bacteria characterized by a random 
displacement and direction around an equilibrium position. The Brownian motion of 
adhering bacteria can be studied in terms of vibration amplitudes and frequencies. 
Here we analyzed Brownian motion in terms of their position maps, representing 
1998 temporarily positions during 33 s of a single bacterium, and hypothesized that 
the pattern of the position maps is a characteristic of a bacterial strain. Therefore we 
studied position map patterns of twelve bacterial strains with different aspect ratios 
and vibration amplitudes, including both Gram-positive and Gram-negative strains. 
Bacterial position maps appear in three distinct patterns that are typical signatures 
of the particular bacterial strains. For most of the spherical bacteria like 
Staphylococcus aureus bacteria, the patterns showed a highly-centralized disk shape, 
the diameter of which represents the vibration amplitude. For non-spherical bacteria 
like Streptococcus mutans with an aspect ratio larger than 1.2, the position map 
pattern showed a ring shape under static conditions, always accompanied by high 
vibration amplitudes. “Half moon” shaped position patterns were found for bacteria 
under flow conditions, emerging from both disk- and ring-shaped position patterns. 
Each of these position map patterns suggests different vibrational modes and 
supports our hypothesis, suggesting that the shape of bacteria, the absence or 
presence of flow and the corresponding vibration amplitudes are the major factors 
defining distinct vibration patterns for different bacterial strains. 
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INTRODUCTION  

Brownian motion originally refers to the random motion of pollen immersed in water 
observed under the microscope.1 Einstein pointed out that this motion is caused by 
random bombardment of (heat agitated) water molecules on the pollen and was able 
to link Brownian motion to the process of diffusion.2 This stochastic process of 
microscopic objects in fluid is also of fundamental significance in life science, 
particularly in the microbial world as bacteria under microscopic observation, clearly 
show a random motion in all directions.3-5  

Brownian motion is basically a three dimensional phenomenon, inducing a non-zero 
average square displacement linearly increasing with time. Recently Brownian 
motion was also studied in bacteria, which adhere to and are immobilized on a 
surface.6 Bacteria adhering to a surface appear to keep some translational freedom 
which allow them to have kinetic energy basically of thermal origin resulting in 
Brownian motion of a special trait: the average square displacement is maximized 
and constant in time as bacteria are retracted when too far from their base position. 
Because microscopic observations only offer a two dimensional view of the three 
dimensional movement (in the upper hemisphere), the observed Brownian motion 
can be described as a ‘drunken man wandering around the square’. More precisely, 
each of his steps are independent random translations, retarded by viscosity and 
maximized by the dimensions of the bacterial bond.  

Because bacterial vibrations yield information about the characteristics of the 
bacterial bond, vibration amplitudes were studied as a function of cell wall 
characteristics, ionic strength, shear forces and the presence and absence of proteins 
adsorbed to the surface (Chapter 2, 3 and 4). However, the shape of the position 
maps, representing snapshots of positions during the numerous translations 
(analogous to the random path of planktonic bacteria) has not been considered 
earlier. The hypothesis is that each bacterial strain exhibit a typical position map 
determined by the bacterial shape and the strength, character and localization of the 
bond to the surface. This paper therefore makes an inventory of the typical position 
maps observed under static and flow conditions of various bacterial strains and 
species. These patterns are subsequently linked to potential bond types, vibrational 
amplitudes and bacterial shapes.  

 

MATERIALS AND METHODS 

Bacterial Strains and Culture Conditions 

Twelve bacterial strains were involved in this study, eight Gram-positive bacterial 
strains: Streptococcus mutans LT11, IB03987, ATCC10449 and ATCC25175, 
Staphylococcus aureus NCTC8325-4, DU5883, ATCC12600 and ATCC25923 and four 
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Gram-negative bacterial strains: Raoultella terrigena ATCC33257, Acinetobacter 
baumannii 6, Proteus mirabilis 296 and Prevotella intermedia ATCC49046. S. mutans 
LT11 and IB03987 were cultured aerobically at 37°C with 5% CO2 in 10 mL brain-heart 
infusion broth (BHI; OXOID, Basingstoke, United Kingdom) for 24 h. S. mutans 
ATCC10449, ATCC2517 5 and S. aureus were cultured in 10mL todd hewitt broth (THB; 
OXOID, Basingstoke, United Kingdom) for 24 h at 37°C. A.baumannii 6 and R. 
terrigena ATCC33257 were inoculated in 10 mL nutrient broth and P. mirabilis 296 
was cultured in tryptone soya broth (TSB; OXOID, Basingstoke, United Kingdom) for 
24 h at 37°C respectively, while P. intermedia ATCC49046 was pre-cultured in BHI* 
(BHI supplemented with 1 g/L yeast extract, 5 mg/L hemin and 1 mg/L menadion) for 
24 h at 37°C under anaerobic conditions. Each pre-culture was used for a main-
culture in 190 mL medium for another 16 h under identical conditions. Bacteria were 
harvested by centrifugation (5000 g, 5 min, 10°C) and washed twice with 100 times 
diluted adhesion buffer (50 mM potassium chloride, 2 mM potassium phosphate and 
1 mM calcium chloride) with a final ionic strength of 0.57 mM at pH 6.8. To break 
aggregates, bacterial suspensions were sonicated at 30 W while cooling in an 
ice/water bath. Finally, bacteria were suspended in 100 times diluted adhesion buffer 
(0.57 mM) to a concentration of 3×108 bacteria per mL as determined by Bürker-Türk 
counting chamber. 

Bacterial Displacement Observation 

Vibrational amplitudes were measured under fluid flow and under static conditions. 
For measurements under fluid flow, bacteria were allowed to adhere to the glass 
bottom plate of a parallel plate flow chamber. The flow chamber with channel 
dimensions 175×17×0.75 mm was equipped with an image analysis system and has 
been described in detail previously.7 The top and bottom plates of the chamber were 
made of glass. Glass plates were cleaned in 2% RBS (Chemical Products R. Borghgraef 
S.A., Brussels, Belgium) in an ultrasonic bath and rinsed with methanol and water 
prior to each experiment. All tubes and the flow chamber were filled with adhesion 
buffer, while care was taken to remove all air bubbles from the system. Next, the 
bacterial suspension was circulated through the chamber under pulse-free 
hydrostatic pressure at a shear rate of 10 s-1. For determination of the vibrational 
amplitudes of adhering bacteria under static conditions, the bacterial suspension 
was circulated for 1 h and measurements were taken 15 min after arresting the flow. 

Displacement of adhering bacteria were observed with a CCD camera (A101F, Basler 
AG, Ahrensburg, Germany) mounted on a phase-contrast microscope (BH2-RFCA, 
Olympus Optical Co.,Tokyo, Japan). The camera was coupled to an image analysis 
program (Matlab, The MathWorks, Natick, MA), recording 60 consecutive images per 
second. Along the lines of equal pixel grey-values within the image of a single 
bacterium, a series of concentric elliptic contour lines were constructed (Figure 1), 
the center position of which was defined as the temporary position of the bacterium 
and the contour was used to calculate the aspect ratio: the largest length of the 
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bacterial contour divided by the width perpendicular to it (see Figure 1). The 
positions of centers of these elliptic contour lines were registered over a time-period 
of 33 s (corresponding to 1998 frames) and the variation in positions observed over 
time served to analyze their displacement. The distribution maps represent the two 
dimensional top view of bacterial displacement under flow and static conditions.  

 

 

Figure 1. Concentric elliptic contour lines of S. mutans IB03987 and S. aureus ATCC12600. The 
length of longest axis (red line with arrow) and shortest axis (green line with arrow) were used 
to calculate the aspect ratio. The red point in the center of the reconstructed contour 
represents the position of an adhering bacterium and is used to build the displacement 
distribution maps.  

 

RESULTS AND DISCUSSION 

The position maps of the twelve bacterial strains were analyzed under static and flow 
conditions and interpreted in terms of the aspect ratio of the bacteria and vibration 
amplitudes. Three position map patterns and mixed-forms could be identified as 
exemplified by three groups of bacteria as represented in Figure 2.   

First bacteria with small vibration amplitudes (like S. aureus ATCC12600 and S. 
mutans LT11) showed compact and near spherical distribution maps, which were 
under flow slightly compressed in the direction of flow.  
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Figure 2. Brownian motion position map patterns.  

(a) Disk shaped distribution maps (S. aureus ATCC12600 and S. mutans LT11). Under flow 
these patterns remain intact although they appear a bit more elliptic as the diameter was 
reduced in the direction of flow.  

(b) Under flow conditions originally disk shaped position maps may get “half moon” shaped 
for A. baumannii 6 and S. aureus ATCC25923.  

(c) Ring shaped position maps were found for P. intermedia ATCC49046 and S. mutans IB03987. 
These position maps collapse into “half moon” shaped position maps in case of flow.   

Arrows indicate the direction of the flow. The width of the images is 500nm. The color bar 
indicates the number of times the particular position (5 × 5 nm) was occupied during the 
measurement time of 33 s.  

 

The second group of bacteria (like A. baumannii 6 and S. aureus ATCC25923) show 
larger vibration amplitudes resulting in more diffuse but still disk-shaped distribution 
maps. Under flow, however, a “half moon” like shape emerges.  

The third group of bacteria shows a very peculiar ring-shaped position map, the 
center position of which was never occupied by the bacterial center. Under flow 
these rings collapsed to the earlier mentioned “half moon” shaped position map 
pattern.  

Position map patterns of all 12 bacterial strains studied resemble to one of these 
three patterns as is indicated in Table 1. It is clear from this table that not all strains 
of particular bacterial species (like S. mutans or S. aureus) share a particular position 
map pattern. Although most of the S. aureus bacteria share disk-shaped patterns 
both with and without flow, S. aureus ATCC25923 shows a “half moon” shaped 
pattern under flow. Similarly S. mutans strains all show different patterns. 

Also the vibration amplitudes are not indicative of any specific distribution pattern: 
although ring shaped position maps share high amplitudes, high amplitude vibrations 
of R. terrigena ATCC33257 and S. mutans ATCC25175 do not result in ring shaped 
patterns. Table 1 also includes the observed aspect ratios of the bacteria, ranging 
from 1.02 (nearly spherical) to 1.33 (prolate spheroid). Relating the specific patterns 
observed with the aspect ratios, it is clear that ring-shaped patterns mainly occur 
when the aspect ratio is larger than around 1.2, although ring shapes were not 
observed for P. mirabilis and S. mutans LT11, the last probably because the vibration 
amplitude was too low due to the relatively low zeta potential (-27mV) of this strain 
at 0.57 mM (see Chapter 3).  

Along with the distribution pattern another notable aspect of vibrations should be 
mentioned. When observing vibrations of near spherical bacteria (like the S. aureus 
strains), vibrations were observed in all directions (specifically under stationary 
conditions). When observing vibrations of bacteria with high aspect ratios (S. mutans 
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and P. intermedia), resulting in ring-shaped position map patterns, it appeared that 
vibrations took place in an angular direction around a fixed bond. An explanation of 
this phenomenon is that the contact point of the bacterium is not on the long side of 
the bacterium but on the short side and that bacteria, under influence of thermal 
agitation rotate around that binding spot in a plane parallel to the substratum surface. 
Taking snapshots of the position of the bacterium will than lead to positions on a 
circular ring, the center of which is formed by the centre of the bond. They apparently 
not flip from one side to the other in the plane perpendicular to the surface because 
the center of the bacterial cell has never been observed in the middle of the ring.  

The fact that non-spherical bacteria rotate around an axis and do not make 
translations in a plane perpendicular to the plane of the substratum indicates that a 
weak force acting over a short distance keep them with their long side near to the 
substratum surface. This force appears to be absent or too small in spherical bacteria 
that do move in all directions including ones in the plane perpendicular to the 
substratum surface.  

In case of flow, both vibrational modes (angular or translational) do not change 
considerably, except that both the angular and translational motion are restricted by 
the flow. For instance those rotations of prolate spheroid shaped bacteria that bring 
bacteria in a position transverse to the direction of flow are not allowed. Moreover 
translations in the direction of the flow, in case of spherical bacteria, are shortened, 
due to the effect of strain stiffening as described in Chapter 2. Both restrictions may 
result in any kind of patterns: disk-shaped (in case of small vibration amplitudes), 
“half moon” shaped position map or mixed patterns. These modes of vibrations are 
schematically summarized in Figure 3.   

In conclusion, bacterial position maps appear in three distinct patterns that are 
typical signatures of particular bacterial strains. The first pattern is disk shaped: a 
normal distribution in two dimensions, predominant for spherical bacteria, showing 
both small and large vibration amplitudes. The second position map pattern is ring 
shaped, predominant for non-spherical bacteria (aspect ratio >1.2). The third 
position map pattern, “half moon” shaped, is typical for bacteria under flow 
conditions and emerge from both disk- and ring-shaped position patterns. This 
finding supports our hypothesis that bacteria belonging to different bacterial strains 
show different position maps in addition to different vibration amplitudes.     

 

 

 

 



79 
 

 

Table 1. Overview of the vibration patterns under static and flow conditions. For all the 
calculations, 10 randomly selected adhering bacteria were analyzed. Vibration amplitudes 
were measured under static conditions. The order of the strains in the list was determined by 
the occurrence of a particular position map pattern: Disk-shaped, “half moon”- shaped and 
ring-shaped.  
 

Bacterial strains 
Length-
width 
ratio 

Vibration 
amplitudes 

Static Flow 

Ring Disk 
Half 

moon 
Disk 

S. aureus ATCC12600 1.02±0.02 25±17 - ++ - ++ 

S. aureus NCTC8325-4 1.03±0.03 20±33 - ++ - ++ 

S. aureus DU5883 1.07±0.05 15±25 - ++ - ++ 

R. terrigena 
ATCC33257 

1.12±0.07 66±51 - ++ - ++ 

P. mirabilis 296 1.21±0.21 44±29 - ++ - ++ 

S. mutans LT11 1.31±0.17 6±6 - ++ - ++ 

S. mutans ATCC25175 1.13±0.06 93±59 - ++ ++ - 

S. aureus ATCC25923 1.05±0.04 47±25 - ++ ++ - 

A. baumannii  6 1.24±0.16 53±41 + + + + 

S. mutans ATCC10449 1.10±0.08 22±24 + + ++ - 

P. intermedia  
ATCC49046 

1.33±0.24 77±58 ++ - ++ - 

S. mutans IB03987 1.30±0.16 95±73 ++ - ++ - 
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Figure 3. Schematic representation of four characteristic vibration modes and their resulting 
position maps under static and fluid flow conditions. Without flow spherical bacteria vibrate 
in all directions resulting in a disk-shaped position map symmetrical around the center of the 
bond (a). Under flow, vibration in the direction to the flow is reduced, resulting in an 
asymmetrical and eccentric, oval or “half moon” shaped position map (b). When bacteria are 
oblate spheroid shaped (aspect ratio > 1.2) weak attractions prevent the bacterium to move 
in a plane perpendicular to the surface, resulting in a predominance of angular movements 
and a ring-shaped position map around the center of the bond (c). Under flow these bacteria 
show a “half moon” shaped eccentric position map because flow prevents bacteria to rotate 
in the position transverse to the flow (d).      
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Chapter 6   

General discussion 
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When brought into contact with a medium of natural origin material surfaces tend to 
be contaminated by bacteria,1 as occurring in areas ranging from soil remediation, 
marine fouling to modern industrial production and medicine.2-7 The study of 
bacterial adhesion processes has been intensified during the past decade and led to 
a better understanding of the underlying adhesion principles.8-10 An important area 
of research in this field is related to the attractive forces involved in the interactions 
between bacteria and substratum surfaces.11 Many theoretical models and technical 
methods have been developed, trying to infer or directly measure the strength and 
character of the bacterial bond. For instance, force-distance measurements were 
done by atomic force microcopy and bacterial adhesion forces were inferred from 
release characteristics observed in parallel-plate flow chambers.12-14 Furthermore 
visco-elastic properties of bacterial bonds were analyzed by quartz crystal 
microbalance with dissipation (QCM-D) monitoring.15  

Interactions involving bacteria and substratum surfaces are extremely complex and 
need to be assessed by multiple techniques. The analysis of Brownian motion 
induced bacterial vibrations provides a novel, convenient and direct way to 
characterize the visco-elastic bond between the bacterium and the substratum.16 The 
challenge of this thesis was to offer a method to measure the amplitude and 
frequency of bacterial vibrations and to interpret the results of this study under 
different conditions with the results of various established analysis techniques, like 
QCM-D, particulate microelectrophoresis and the associated DLVO theory. Efforts to 
understand the bacterial vibration have revealed that bacterial vibration on different 
surfaces reflect the characteristics of combinations of non-specific and specific 
interactions.  

Brownian Motion of Bacteria 

Analysis of vibration of adhering bacteria was used in this thesis as the main 
technology to unravel the binding mechanism of bacteria to a substratum. The origin 
of this bacterial vibration is Brownian motion of sessile bacteria.  

To understand how Brownian motion affects the vibration of sessile bacteria we first 
relate this to Brownian motion of planktonic bacteria. Brownian motion of non-
adhering planktonic bacteria is governed by their intrinsic velocity as a result of their 
thermal kinetic energy and the exchange of their energy with the thermally agitated 
molecules of the medium.17 As a result bacteria will move in random directions and 
change directions on an extremely short time scale inversely related to the viscosity 
of the medium which determines the viscous drag.18 Because the movements are 
random and take place in all directions, the net displacement is zero. However, the 
mean quadratic displacement is non-zero and increases linearly with time, which is 
the basis of particle diffusion.  
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Figure 1. (a) Schematic representation of a bacterium connecting to the substratum surface 
with dashpot and spring.  

(b) Example of time series of vibration displacement as a function of time for S. mutans 
ATCC25175 in adhesion buffer (0.57 mM) under static condition.  

(c) Simulated Brownian motion displacement of a mass connected to a spring and a dashpot 
by Matlab. For the spring constant we used 1.2×10-5 N/m, damping coefficient 2×10-6 N/(m/s), 
mass 5 ×10-16 Kg. The driving force was simulated by a random generator, which exposed the 
mass to a random force in between -200 pN and 200 pN with a frequency of 10kHz. The 
simulation only involved vibrations in one dimension.  

 

In case bacteria are adhering to a surface, they are not free to move. When we 
consider an adhering bacterium as a damped forced oscillator system (comprising a 
mass, m, connected to a spring with spring constant, k, and a dashpot with damping 
factor, ξ, exposed to a random force, F, representing interactions with molecules with 
a frequency ν, see Figure 1a) the bacterium experiences an additional potential 
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elastic energy from the bacterial bond with the substratum, which retracts the 
bacterium when it tries to move too far from the surface. Random Brownian motion 
still remains, but the mean quadratic displacement stays constant when averaged 
over a long time. When we simulate random Brownian motion of a bound bacterium 
as represented by this model (as was done in a simple Matlab program) we were able 
to generate similar random motion patterns (with respect to frequency and 
amplitude) as was observed from bacteria, as can be seen in Figure 1b and c. This 
may serve as an indirect prove that the bacterial vibrations are originally Brownian 
movements of bound bacteria and that the model might be useful in the future to 
gain more quantitative values for the bond strength and viscoelasticity constants of 
the bond under various conditions. 

Characterization of the Bacterial Bond to a Substratum 

One of the main phenomena discussed in Chapter 2 was the effect of the ionic 
strength on the vibration amplitude of attached bacteria. We demonstrated that the 
ionic strength has a large influence on the vibration amplitude of bacteria. This was 
explained in terms of the persistence length of the polymer chains in the outermost 
bacterial cell surface. The persistence length increases with decreasing ionic strength 
of the suspending fluid, and leads to expansion and reduced damping (according to 
QCM data) of the polyelectrolyte network, ultimately resulting in high vibration 
amplitudes. Moreover the bond appeared to behave as a non-linear elastic matrix, 
because stretching of the bond by switching on fluid flow, reduced the vibration 
amplitude and as result reflects an increasing spring constant. The non-linear 
behaviour can be explained by a redistribution of the polymer chains involved in the 
bond as was earlier observed by Mc Connel et al.19 They found that microfibers of 
the abdominal artery of a lobster aligned under stress. The more fibers are aligned 
with the direction of stress, the greater the load it is able to carry and the stiffer the 
matrix. Despite its non-linear elastic behavior the bond characteristic remained 
reversible, however: switching off the flow resulted in higher vibration amplitudes 
again reflecting reduced spring constants.  

This remarkable reversibility raises the question whether the effect of ionic strength 
on the visco-elastic properties is reversible as well, because this would further 
corroborate the model of a poly-electrolyte network.  
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Figure 2. (a) Timeline of the procedure for S. mutans IB03987. Regularly spaced ticks indicate 
quarters of an hour. Red numbered bullets indicate the start of an observation. Numbers 
coincide with the number of the graphs beneath. The experimental testing began with a pre-
adhesion from a bacterial suspension, followed by rinsing with adhesion buffer. 
Measurements were taken 15 min after arresting the flow. After that, full medium (BHI) was 
perfused through the system for 2 h to help with cell activity. Subsequently, medium without 
bacteria was perfused for 15 min in order to remove all planktonic bacteria. Again, 
measurements were taken 15 min after arresting the flow. Subsequently, this procedure was 
repeated for another three times with buffer and medium.  

(b) Vibration amplitudes of bacteria adhering to glass surfaces after buffer and medium 
treatment, at points in time corresponding with the numbers in the upper panel.  

(c) Position maps of the same adhering bacterium at various time points, which 
corresponding to panel b. 

 

Therefore experiments were carried out with an alternating buffer and medium as is 
summarized in Figure 2a. Although it is difficult to measure the ionic strength of the 
medium exactly, the electric conductivity of medium (18.5 ms) is much higher than 
the adhesion buffer (0.135 ms), which indirectly proves that the ionic strength of the 
medium is higher than the adhesion buffer. Results of the vibration experiments 
show high vibration amplitudes in adhesion buffer (0.57 mM) and a significant 
decrease in medium due to the high ionic strength of the medium (Figure 2b) as 
expected. Subsequently, adhesion buffer was perfused again for 30 min, resulting in 
higher amplitudes again (Figure 2b and c), consistent with previous results using the 
same buffer. Accordingly, the change in persistence length of the polymer chains due 
to changes of the ionic strength is fully reversible. 



88 
 

In Chapter 3 a slightly different approach was followed to characterize the bacterial 
bond with the substratum. In the first place the system was far more complex by the 
introduction of proteins adsorbed onto the surface, showing that firm attachment to 
soft protein layers may contribute to larger bacterial vibration amplitudes as a result 
of the large motional freedom of the protein chains they attach to. But in the absence 
of proteins, as was done earlier in Chapter 2, a similar effect of ionic strength on 
vibration amplitudes was interpreted in terms of the DLVO theory instead of an 
explanation in terms of persistence length changes and softening of protein chains 
in the outermost bacterial cell layer. It is suggested that the depth of the secondary 
interaction minimum is playing an important role (See Chapter 3, Figure 1f) because 
vibration amplitudes increased with decreasing depth of the secondary interaction 
minimum, assessed on basis of zeta potential and streaming potential data.   

Although in Chapter 3 bacteria involved (S. mutans, S. aureus) were different from 
those used in Chapter 2 (S. salivarius, S. epidermidis and S. aureus) the binding 
mechanisms on bare glass will not differ very much. It is, however, hard to say which 
of the interpretations is the most realistic one (the one based on persistence lengths 
or on DLVO) and perhaps explanations could have been interchanged in both 
chapters. Most probably both interpretations are abstractions of or conventions to 
describe the same phenomena or simply act on top of each other. Both are plausible 
by realizing that zeta potentials (on which the mechanism in Chapter 3 is based) are 
largely influenced by the softness and water permeability of the outermost bacterial 
cell surface, which is highly dependent on the ionic strength as was the main 
argument in Chapter 2 to explain the dependence of bacterial vibrations on ionic 
strength. Both interpretations, however, do show that bacterial vibrations are a 
highly sensitive parameter for characterizing the bond between bacterium and the 
substratum. Apparently, a quantitative theory relating amplitude and frequency in 
terms of thermodynamic or physico-chemical theories will be highly complex but 
may provide us with a lot of novel insights in the character of the bacterial bond.   

Live and Dead Cells: Do They both Vibrate? 

In Chapter 4 vibration analysis was explored again to study the relationship between 
the bond strength and vibration amplitudes. We demonstrated that amplitudes of 
bacterial vibration originating from Brownian motion, correlate with the rate of 
bacterial detachment on bare glass surfaces. Apparently the maximum displacement 
a bacterium is allowed by the binding forces is directly related to the chance that 
bacteria eventually escape from the surface under the force of an air-liquid interface 
passage. This could even be shown on substrate with conditioning protein (saliva and 
fibronectin) films (see Figure 3) where bacteria obtain extra motional freedom from 
protein chains where they attach to. 
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Figure 3. Vibration amplitudes of adhering bacteria as a function of detachment percentages 
stimulated by a passing liquid-air interface observed for two bacterial strains on saliva and 
fibronectin coated and uncoated glass (linear correlation coefficient 0.87). For vibration 
amplitude measurements, three experiments were done with separately cultured bacteria, 
each experiment comprising a minimum of 10 randomly selected adhering bacteria. The solid 
line shows the prediction line of the correlation based on an assumed linear regression and 
the dashed lines represent the 95% confidence interval. Vertical error bars indicate standard 
deviations over 30 different bacteria from three experiments with separately grown cultures. 

 

In addition, our results showed that cationic detergents dramatically increased the 
bacterial adhesion force due to stiffening of the adhesive bond, reflected in low 
vibration amplitudes. For example, after chlorhexidine (CHX) treatment, significant 
upward wave number shifts in IR absorption band were found which suggests an 
increase in the stiffness of polysaccharides (Chapter 4). This may be caused by both 
adsorption and absorption of positively charged moieties from the CHX in the 
bacterial cell wall. These changes result in stronger binding of the bacteria to the 
surface.  

As with chlorhexidine, most cationic detergents used as a mouthrinse are bactericidal, 
which means that the strong adhesion forces resulting in small vibration amplitudes 
are accompanied by cell death. Although it was stated in Chapter 4 that being dead 
or alive has no impact on Brownian motion-induced vibrations it is worthwhile to 
reconsider this, since vibrations of live cells may also originate from autonomous 
movements of bacteria, since bacterial membranes contain ionic pumps that may 
give rise to small motions closely related to the bacterial metabolism.20 Longo et al. 
were able to sense these vibrations by using an atomic force microscope cantilever 
which picked up these vibrations and showed that exposure to the antibiotic 



90 
 

ampicillin resulted in annihilation of the vibrations, that did not return after flushing 
with buffer.21 The mechanism of action of ampicillin is inhibition of cell wall synthesis, 
causing a metabolic shock from which susceptible bacteria do not recover.21 No cell 
wall leakage is expected upon exposure to ampicillin in contrast to CHX.  In order to 
find out whether these cell wall vibrations may act as an indicator of bacterial cell 
death and could be sensed in our vibration analysis as well, we compared vibration 

of S .mutans IB03987 on glass before and after exposure to 50 g/mL ampicillin in 
the medium and 0.2 % m/v chlorhexidine digluconate (CHX) (see Figure 4). Both 
concentrations were higher than the MBC found for this strain. It therefore may be 
assumed that the bacteria were killed by both the antibiotic and the CHX.  

For the antibiotic treated bacteria, there was no significant difference between the 
vibration amplitudes in medium with and without antibiotic. After flushing with 
adhesion buffer with low ionic concentrations, a significant increase in the vibration 
amplitudes was found towards similar values as before the exposure to antibiotics. 

However, for the CHX treated bacteria after adhesion buffer rinses, the vibration 
amplitudes remained low (see Figure 4c). It suggests that the antibiotic was not able 
to permanently reduce the amplitude of the vibrations, whereas CHX permanently 
changed the bond constituents and its distribution. Apparently cell death itself is not 
affecting bacterial vibrations.  

Although the present analysis was limited to only one antibiotic and one strain the 
results might be generalized to the conclusion that indeed cell death cannot be 
inferred from vibration analysis alone. But if an episode of antiseptic or antimicrobial 
exposure is followed by a passage of buffer and vibrations are not recovered, the 
permanent lack of Brownian motion may indicate that the bacterium is severely 
disrupted and cell constituents have permanently been changed to affect the 
bacterial bond.  

 

CONCLUSIONS 

This thesis shows that the analysis of vibrations of adhering bacteria provides novel 
insights in the characteristics of the bacterial bond. By comparing the vibration 
amplitudes at different ionic strengths (Chapter 2 and this chapter), surface 
structures (Chapter 2), protein films (Chapter 3), antimicrobials (Chapter 4 and this 
chapter) and cell death (this chapter), basic understanding was obtained how to 
interpret bacterial vibrations in a way that helps to unravel the complex nature of 
bacterial adhesion. Most of the chapters only exploit changes in vibration amplitudes, 
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Figure 4. (a) Timeline of the procedure for S. mutans IB03987. Regularly spaced ticks indicate 
quarters of an hour. Red bullets indicate the start of an observation. Numbers coincide with 
the number of the graphs beneath. The flow protocol was similar as described before in Figure 
2 but was extended by the passage of buffer after the exposure to medium and antimicrobials. 
After measurement in medium, the antibiotic ampicillin in medium or CHX was perfused for 
30 min and static conditions were created for 15 min before and during the measurement.  

(b) Vibration amplitudes of S. mutans IB03987 adhering on a bare glass substratum before 
and after treatment with antibiotic in various conditions.  

(c) Vibration amplitudes of S. mutans IB03987 adhering on a bare glass substratum before 
and after treatment with CHX in various conditions. 

 

whereas frequency and correlation time has been left out so far (except for a short 
discussion in Chapter 2). New investigations applying this technology may further 
exploit these vibrational characteristics, possibly also by increasing the frame rate of 
the camera. Frequency and correlation analysis may particularly of interest in 
extreme situations like the first arrival and attachment of a bacterium from flow or 
the spectroscopic changes during a gradual increase of shear forces. Therewith a 
novel analysis tool, perhaps best designated as “vibrational spectroscopy”, has been 
introduced that complements instruments that are already established in this field, 
like Atomic Force Microscopy and QCM-D. 
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Bacterial adhesion occurs on virtually all natural or man-made surfaces. The 
investigation of bacterial adhesion has been intensified during the past decade and 
led to a better understanding of the underlying adhesion mechanisms. An important 
area of research in this field is related to the attractive forces involved in the 
interactions between bacteria and substratum surfaces. Many theoretical models 
and technical methods have been developed, trying to infer or measure the strength 
and character of this attraction. The analysis of Brownian motion induced bacterial 
vibrations provides a novel, convenient and direct way to characterize the visco-
elastic bond between the bacterium and the substratum. Chapter 1 gives an 
overview of the mechanisms of bacterial adhesion which includes the non-specific 
approach and the specific approach to bacterial adhesion. The first aim of this thesis 
is to develop bacterial vibration spectroscopy as a new method to analyse the visco-
elasticity of the bond between adhering bacteria and a substratum surface and to 
critically assess the virtues of vibration spectroscopy as compared with known 
methods, such as atomic force microscopy (AFM) or quartz crystal microbalance with 
dissipation (QCM-D). The second aim is to determine the influence of the general 
factors known to mediate specific- and non-specific bacterial binding to surfaces, on 
the vibration amplitudes of adhering bacteria. 

Bacteria adhering to surfaces demonstrate random, nanoscopic vibrations around 
their equilibrium positions. In Chapter 2 we considered vibrational amplitudes of 
bacteria adhering to glass. Spring constants of the bond are derived from vibrational 
amplitudes and related with the electrophoretic softness of the cell surfaces and 
dissipation shifts measured upon bacterial adhesion in a QCM-D. Experiments were 
conducted with six bacterial strains with pair-wise differences in cell surface 
characteristics. Vibrational amplitudes were highest in low ionic strength 
suspensions. Under fluid flow, vibrational amplitudes were lower in the direction of 
flow than perpendicular to it because stretching of cell surface polymers in the 
direction of flow causes stiffening of the polyelectrolyte network surrounding a 
bacterium. Under static conditions (0.57 mM), vibrational amplitudes of fibrillated 
Streptococcus salivarius HB7 (145 nm) were higher than of a bald mutant HB-C12 (76 
nm). Amplitudes of moderately extracellular-polymeric-substance (EPS) producing 
Staphylococcus epidermidis ATCC35983 (47 nm) were more than twice the 
amplitudes of strongly EPS producing S. epidermidis ATCC35984 (21 nm). No 
differences were found between Staphylococcus aureus strains differing in 
membrane crosslinking. High vibrational amplitudes corresponded with low 
dissipation shifts in QCM-D. In streptococci, the polyelectrolyte network surrounding 
a bacterium, is formed by fibrillar surface appendages and spring constants derived 
from vibrational amplitudes decreased with increasing fibrillar density. In 
staphylococci, EPS constitutes the main network component and larger amounts of 
EPS yielded higher spring constants. Spring constants increased with increasing ionic 
strength and strains with smaller electrophoretically derived bacterial cell surface 
softnesses possessed the highest spring constants. 
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In chapter 2 we measured vibration amplitudes on glass. Often however, bacteria do 
not adhere to bare surfaces but to adsorbed protein films, on which adhesion 
involves highly specific ligand-receptor binding next to non-specific DLVO interaction 
forces. Therefore we have determined in Chapter 3 the contribution of adsorbed 
salivary protein and fibronectin films to vibrations exhibited by adhering streptococci 
and staphylococci, respectively. The streptococcal strain used has the ability to 
adhere to adsorbed salivary proteins films through antigen I/II ligand-receptor 
binding, while the staphylococcal strain used adheres to adsorbed fibronectin films 
through a proteinaceous ligand-receptor bond. In absence of ligand-receptor binding, 
electrostatic interactions had a large impact on vibration amplitudes of adhering 
bacteria on glass. On an adsorbed salivary protein film, vibration amplitudes of 
adhering streptococci depended on the film softness as determined by QCM-D, and 
were reduced after film fixation using glutaraldehyde. On a relatively stiff fibronectin 
film, crosslinking the film in glutaraldehyde hardly reduced its softness and 
accordingly fibronectin film softness did not contribute to vibration amplitudes of 
adhering staphylococci. However, fixation of the staphylococcus-fibronectin bond 
further decreased vibration amplitudes, while fixation of the streptococcus bond 
hardly impacted vibration amplitudes. Summarizing, this study shows that both the 
softness of adsorbed protein films as well as the properties of the bond between an 
adhering bacterium and an adsorbed protein film play an important role in bacterial 
vibration amplitudes. These nanoscopic vibrations reflect the viscoelasticity of the 
bacterial bond with a substratum and play important roles in bacterial adhesion, 
detachment and susceptibility to antimicrobials. 

In Chapter 4, we hypothesize that oral bacteria adhering to salivary-conditioning 
films become more difficult to remove after exposure to antimicrobials due to 
stiffening of their adhesive bond. In order to verify this hypothesis, bacteria adhering 
to bare and saliva-coated glass were exposed to three different mouthrinses 
(containing: chlorhexidine-digluconate, cetylpiridinium-chloride or amine-fluoride), 
after which bacterial vibration spectroscopy was carried out or a liquid-air interface 
was passed over the adhering bacteria to stimulate their detachment. We first 
determined Brownian motion-induced nanoscopic vibration amplitudes of four oral 
streptococcal strains, reflecting their bond stiffness. Exposure to either of the 
selected mouthrinses yielded more positively charged bacteria by particulate 
microelectrophoresis, exhibiting smaller vibration amplitudes due to stiffening of 
their adhesive bond. Concurrently, the percentage detachment of the adhering 
bacteria upon the passage of a liquid-air interface decreased after exposure to 
mouthrinses. A buffer control left both vibration amplitudes and detachment 
percentages unaffected. To rule out that exposure of adhering bacteria to the 
mouthrinses stimulated polysaccharide production with an impact on their 
detachment, Fourier-transform-infrared-spectroscopy was carried out on bacteria 
adhering to an internal reflection element, prior to and after exposure to the 
antimicrobials. IR absorption band areas indicated no change in amount of 
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polysaccharides after exposure of adhering bacteria to mouthrinses, but wave 
number shifts demonstrated stiffening of polysaccharides in the bond, as a result of 
which vibration amplitudes decreased and detachment became more difficult. These 
findings confirm our hypothesis that adhesive bond stiffening between oral bacteria 
and surfaces occurs upon exposure to oral antimicrobials leading to more difficult 
removal of the adhering bacteria.  

So far we have studied the nanoscopic vibrations of various bacterial species and 
noticed that the pattern of the position maps is different. Therefore, we have 
hypothesized in Chapter 5 that the pattern of the position maps is a characteristic of 
a bacterial strain. We studied position map patterns of twelve bacterial strains, 
including both Gram-positive and Gram-negative strains, with different aspect ratios 
and vibration amplitudes. Bacterial position maps appear in three distinct patterns 
that are typical signatures of the particular bacterial strains. For most of the spherical 
bacteria like S. aureus, the patterns showed a highly-centralized disk shape with a 
diameter which represents the vibration amplitude. For non-spherical bacteria like 
Streptococcus mutans with an aspect ratio larger than 1.2, the position map pattern 
showed a ring shape under static conditions, always accompanied by high vibration 
amplitudes. “Half moon” shaped position patterns were found for bacteria under 
flow conditions, emerging from both disk- and ring-shaped position patterns. Each of 
these position map patterns suggest different vibrational modes and supports our 
hypothesis, suggesting that the shape of bacteria, the absence or presence of flow 
and the corresponding vibration amplitudes are the major factors defining distinct 
vibration patterns for different bacterial strains. 

In the general discussion (Chapter 6) we simulated random Brownian motion of a 
bound bacterium in Matlab. We were able to generate similar random motion 
patterns as was observed from the experimental data. This may serve as an indirect 
prove that the bacterial vibrations are originally Brownian movements of bound 
bacteria. Moreover, we demonstrated that the change in persistence length of the 
polymer chains due to changes of the ionic strength is fully reversible and bacterial 
vibrations are a highly sensitive parameter for characterizing the bond between the 
bacterium and the substratum. This thesis introduced a novel analysis tool called 
vibrational spectroscopy in order to unravel the complex nature of bacterial adhesion 
and is simple and easy to use in contrast to AFM and QCM-D.  
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Samenvatting 

  



100 
 

Bacteriële hechting vindt plaats op vrijwel elk natuurlijk of door de mens gecreëerd 
oppervlak. Het onderzoeken van bacteriële hechting is gedurende de laatste tien jaar 
geïntensiveerd en heeft geleid tot een beter begrip van de onderliggende 
mechanismen. Een belangrijk onderzoeksgebied binnen dit veld is gerelateerd aan 
de aantrekkende krachten die betrokken zijn bij de interacties tussen bacteriën en 
oppervlakken. Vele theoretische modellen en technische methoden zijn ontwikkeld 
in pogingen om de sterkte en het karakter van de aantrekking te meten. De analyse 
van door Brownse beweging veroorzaakte bacteriële vibraties geven een nieuwe, 
makkelijke en directe manier om de viscoelastische binding tussen een bacterie en 
een oppervlak te karakteriseren. Hoofdstuk 1 geeft een overzicht van de 
mechanismen van specifieke en niet-specifieke bacteriële hechting. Het eerste doel 
van dit proefschrift is het ontwikkelen van bacterie-vibratiespectroscopie als een 
nieuwe methode om de viscoelasticiteit van de binding tussen hechtende bacteriën 
en oppervlakken te analyseren en om kritisch te kijken naar de voordelen van 
vibratiespectroscopie in vergelijking met de huidige methoden, zoals atomaire 
kracht microscopie (AFM) en de dissipatie kwartskristal-microbalans (QCM-D). Het 
tweede doel is om te onderzoeken wat de invloed is van algemene hechtingsfactoren 
op de vibratie-amplitudes van bacteriën: factoren die een rol spelen bij specifieke en 
niet-specifieke bacteriële hechtingsmechanismen.  

Bacteriën die hechten aan oppervlakken laten willekeurige nanoscopische vibraties 
rond hun evenwichtspositie zien. In Hoofdstuk 2 hebben we de vibratie-amplitudes 
van bacteriën op glas bestudeerd en veerconstanten van de binding daarvan afgeleid. 
Vervolgens werden deze amplitudes gerelateerd aan de elektroforetische zachtheid 
van de celoppervlakken en dissipatie verliezen in QCM-D. Experimenten werden 
uitgevoerd met zes bacteriestammen die paarsgewijs verschilden qua 
karakteristieken van hun celoppervlak. Vibratie-amplitudes waren het hoogst in 
suspensies met een lage ionsterkte. Onder invloed van vloeistofstroming waren de 
vibratie-amplitudes lager in de richting van de stroming dan loodrecht erop, doordat 
het uitrekken van de polymeren op het bacterie-oppervlak in de richting van de 
vloeistofstroom verstijving van het poly-elektrolyt netwerk rond een bacterie 
veroorzaakt. Onder statische condities (0.57 mM) waren de vibratie-amplitudes van 
Streptococcus salivarius HB7 (145 nm) hoger dan die van een kale mutant, HB-C12 
(76 nm). Amplitudes van Staphylococcus epidermidis ATCC35983 (47 nm) die slechts 
in geringe mate extracellulaire polymere substanties (EPS) produceert, waren meer 
dan twee keer zo hoog als de amplitudes van S. epidermidis ATCC35984 (21 nm), die 
meer EPS produceert. Er werden geen verschillen waargenomen tussen 
Staphylococcus aureus stammen die verschilden in hun mate van membraan-
crosslinking. Hoge vibratie-amplitudes kwamen overeen met lage dissipatie 
verliezen in QCM-D. In streptokokken wordt het poly-elektrolyt netwerk gevormd 
door fibrillen op het celoppervlak en de van veerconstanten afgeleide vibratie-
amplitudes daalden met dalende dichtheid van de fibrillen op het celoppervlak. In 
stafylokokken bestaat het netwerk voornamelijk uit EPS en meer EPS zorgde voor 
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hogere veerconstanten. Veerconstanten namen toe met toenemende ionsterkte en 
stammen die elektroforetisch gezien een zachter oppervlak hadden, vertoonden de 
hoogste veerconstanten. 

In hoofdstuk 2 hebben we de vibratie-amplitudes gemeten op glas. Vaak hechten 
bacteriën echter niet op kale oppervlakken maar op geadsorbeerde eiwitlagen, zodat 
hechting niet alleen afhangt van niet-specifieke DLVO interacties maar ook van 
specifieke ligand-receptor bindingen. Vandaar dat we in Hoofdstuk 3 de bijdrage van 
geadsorbeerde speekseleiwitten en fibronectine op de vibraties van hechtende 
bacteriën hebben bepaald, voor respectievelijk streptokokken en stafylokokken. De 
gebruikte streptokok heeft de mogelijkheid om op geadsorbeerde speekseleiwitten 
te hechten door een antigeen I/II ligand-receptor binding, terwijl de gebruikte 
stafylokok een specifieke ligand-receptor binding aangaat met fibronectine. In de 
afwezigheid van ligand-receptor bindingen hadden elektrostatische interacties een 
grote invloed op de vibratie-amplitudes van hechtende bacteriën op glas. Op 
geadsorbeerde speekseleiwitten waren vibratie-amplitudes van hechtende 
streptokokken afhankelijk van de filmzachtheid zoals die bepaalt was door QCM-D, 
en daalden de vibratie-amplitudes na het fixeren van de film met glutaaraldehyde. 
Op een relatief stijve fibronectine film had het crosslinken met glutaaraldehyde 
nauwelijks effect op de zachtheid en leverde het dus geen bijdrage in de vibratie-
amplitude van hechtende stafylokokken. Het fixeren van de stafylokok-fibronectine 
binding echter, verlaagde de vibratie-amplitude wel, terwijl fixatie van de 
streptokokken binding nauwelijks invloed had op vibratie-amplitudes. 
Samenvattend laat deze studie zien dat zowel de zachtheid van de geadsorbeerde 
eiwitten als ook de eigenschappen van de binding tussen een hechtende bacterie en 
de geadsorbeerde eiwitten een belangrijke rol spelen in vibratie-amplitudes van 
bacteriën. Deze nanoscopische vibraties tonen de viscoelasticiteit van de bacteriële 
binding met het oppervlak en spelen een belangrijke rol in bacteriële hechting, het 
weer los komen en ook de gevoeligheid voor antimicrobiële substanties. 

In Hoofdstuk 4 formuleren we de hypothese dat door het verstijven van de binding 
orale bacteriën die hechten aan speekseleiwitten moeilijker te verwijderen zijn na 
blootstelling aan mondspoelmiddelen. Om deze hypothese te verifiëren zijn 
hechtende bacteriën op kale en met speeksel gecoate glasoppervlakken blootgesteld 
aan drie verschillende mondspoelmiddelen (antimicrobiële component: 
chloorhexidine-digluconaat, cetylpyridinium-chloride of amine-fluoride), waarna 
nanoscopische vibratie-amplitudes werden bepaald en er werd ook gekeken of 
verwijdering van hechtende bacteriën door een vloeistof-luchtgrensvlak werd 
gestimuleerd. We hebben eerst de door Brownian-motion geïnduceerde 
nanoscopische vibratie-amplitudes bepaald van vier orale bacteriestammen, wat de 
stijfheid van bacteriële bindingen weer geeft. Het blootstellen aan één van de drie 
geselecteerde monspoelmiddelen leidde tot positiever geladen bacteriën die 
kleinere vibratie-amplitudes toonden door het verstijven van de binding. Gelijktijdig 
daarmee nam het loslaten van bacteriën, die waren blootgesteld aan een 
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mondspoelmiddel, af na de passage van een vloeistof-luchtgrensvlak. Een 
controlebuffer liet zowel de vibratie-amplitudes als het percentage loslatende 
bacteriën onveranderd. Om uit te sluiten dat het blootstellen van hechtende 
bacteriën aan mondspoelmiddelen polysacharide productie stimuleerde, wat een 
invloed kan hebben op het loslaten van bacteriën, werd Fourier-transformatie 
infrarood- spectroscopie gebruikt op hechtende bacteriën aan een intern reflectie 
element, voor en na blootstelling aan een mondspoelmiddel. IR absorptie spectra 
toonden geen verschil in de hoeveelheid polysaccharide na blootstelling van 
hechtende bacteriën aan een mondspoelmiddel, maar er was wel een verschuiving 
in de golflengte van de polysacharide band wat duidt op stijvere polysachariden 
bindingen, waardoor de vibratie-amplitudes afnamen en het loslaten van bacteriën 
moeilijker werd. Deze bevindingen bevestigen onze hypothese dat orale bacteriën 
moeilijker te verwijderen zijn na blootstelling aan mondspoelmiddelen door het 
verstijven van de binding tussen bacteriën en oppervlakken. 

Tot nu toe hebben we de nanoscopische vibraties van verschillende bacteriesoorten 
bestudeerd en is opgevallen dat de positiepatronen onderling verschillen. Vandaar 
dat we in Hoofdstuk 5 de hypothese formuleren dat het positiepatroon een 
karakteristiek is van de bacteriestam. We hebben positiepatronen van twaalf 
verschillende bacteriën bestudeerd, waaronder zowel Gram-positieve als Gram-
negatieve stammen, met verschillende aspectratio’s en vibratie-amplitudes. 
Bacteriële positiepatronen lijken drie verschillende vormen te vertonen die typisch 
zijn voor een bepaalde bacteriestam. De meeste bolvormige bacteriën, zoals S. 
aureus, vertoonden een schijfvormig patroon waarvan de diameter de vibratie-
amplitude vertegenwoordigt. Positiepatronen van niet-bolvormige bacteriën zoals 
Streptococcus mutans met een aspectratio van 1.2 en hoge vibratie-amplitudes, 
vertoonden een ringvorm onder statische condities. Halve-maanvormige 
positiepatronen werden gevonden voor bacteriën onder vloeistofstroming, vanuit 
zowel schijf- als ringvormige patronen. Elk van deze positiepatronen suggereert 
verschillende vibratiemodi en steunen onze hypothese die stelt dat de vorm van 
bacteriën, de aan- of afwezigheid van een vloeistofstroom en de overeenkomende 
vibratie-amplitude de meest bepalende factoren zijn voor het verklaren van de 
specifieke vibratiepatronen van verschillende bacteriestammen. 

In de algemene discussie (Hoofdstuk 6) hebben we de Brownse beweging van een 
gehechte bacterie gesimuleerd in Matlab. We waren in staat om een zelfde, 
willekeurig bewegingspatroon te generen als werd waargenomen in de 
experimentele data. Dit geeft indirect aan dat bacteriële vibraties in essentie 
Brownse bewegingen zijn van gehechte bacteriën. Daarnaast hebben we ook 
aangetoond dat de verandering in de lengte van de polymeren door veranderingen 
in ionsterkte compleet reversibel is en dat bacteriële vibraties een zeer gevoelige 
parameter zijn voor het karakteriseren van de binding tussen een bacterie en het 
oppervlak. Dit proefschrift introduceert daarmee vibratiespectroscopie als een 
nieuwe analysemethode om de complexe natuur van bacteriële hechting te 
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ontrafelen die, in tegenstelling tot bijvoorbeeld AFM en QCM-D, simpel te gebruiken 
is. 
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摘要 
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细菌粘附几乎产生于所有的自然或人造材料的表面。细菌粘附在过去十年中得

到了充分的研究，使得我们更好地了解了底层的粘附机制。在这一领域一个很

重要的研究方向是关于细菌和基底表面之间相互作用的吸引力。许多理论模型

和技术方法被用来推断或测量这种吸引力的强度和特征。然而通过分析布朗运

动导致的细菌振动为我们提供了一种新颖的，方便和直接的方式来表征细菌和

基底之间的粘弹性。第一章概述了细菌粘附的机制，其中包括非特异性以及特

异性粘附。本文的第一个目标是开发细菌振动光谱来让其作为一种新的方法去

分析细菌和基底之间的粘弹性，并通过一些已知的方法来评估细菌振动光谱的

可行性，比如原子力显微镜（AFM）或具有耗散检测功能的石英晶体微天平

（QCM-D）。第二个目的是确定的一些非特异性以及特异性影响因素对于粘附细

菌振动的影响。 
 

粘附的细菌展现出随机的，纳米级的基于平衡位置的振动。在第二章中，我们

研究了细菌在玻璃表面的振动幅度。通过振动幅度推导出了结合键的弹簧常数，

并与电泳方法测量到的柔软度和石英晶体微天平所测量到的耗散位移相关联。

实验选取了 6 种不同的细菌菌株并且根据其表面特性两两成对比较。在较低离

子浓度的缓冲液中细菌显示出最大的振动幅度。在有流体流动的情况下，振动

振幅在流动方向上要较垂直流动方向低，其主要是因为细菌表面的聚电解质网

络由于流体的拉升作用而出现了强化现象。在静态条件下（0.57 毫摩尔），表面

存在纤毛的唾液链球菌 HB7 的振动幅度（145 纳米）比表面没有纤毛的 HB-C12

（76 纳米）要高的多。表面较少胞外聚合物（EPS）的表皮葡萄球菌 ATCC35983

的振动幅度（47 纳米）也比表面存在大量胞外聚合物的表皮葡萄球菌 ATCC35984

（21 纳米）要多出一倍以上。对于细胞膜交联程度不同的金黄色葡萄球菌之间

没有显示出明显差异。并且较高的振幅往往对应于较低的耗散变化。对于链球

菌而言，细菌周围的聚电解质网络是由纤毛状表面附属物组成并且其弹簧常数

会随着纤毛密度的增加而下降。对于金黄色葡萄球菌而言，聚电解质网络由胞

外聚合物组成并且较大量的胞外聚合物则会使得弹簧常数也较大。弹簧常数也

会随之离子浓度的增加而增加并且较低的细菌表面柔软度往往具有相对较高的

弹簧常数。 
 

在第二章中，我们测量了细菌在玻璃表面的振幅。然而在大多数条件下细菌并

不是附着于一个光的表面而是吸附在蛋白质膜之上，因此在非异性的 DLVO 作

用力之上在蛋白表面的粘附还涉及到高度特异性的配体-受体结合键。因此，在

第三章我们研究了唾液蛋白和纤维连接蛋白之上链球菌和葡萄球菌的振动。链

球菌菌株通过抗原 I / II 配体- 受体结合而能够吸附于唾液蛋白膜之上，而金黄

色葡萄球菌菌株则通过蛋白质配体-受体的结合而吸附于纤维连接蛋白之上。在

不存在配体 -受体结合的情况下，静电作用力对在玻璃表面上附着的细菌的振

幅产生很大的影响。而在唾液蛋白表面，粘附的链球菌的振动振幅则取决于于

通过 QCM-D 测量到的膜的柔软性，并且使用戊二醛固定蛋白质膜能显著降低

细菌的振动幅度。而对于相对刚性的纤维连接蛋白膜的表面，戊二醛交联的蛋

白质膜几乎不能降低其柔软性，并对于粘附的葡萄球菌的振动振幅没有任何影
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响。然而，通过将金黄色葡萄球菌以及纤维连接蛋白整个体系一起固定却能进

一步降低振幅，而固定链球菌和唾液蛋白体系难以影响振幅。总之，这项研究

表明吸附的蛋白质膜的柔软性，以及结合键的特性对于细菌振幅起到了重要作

用。这些纳米级的振动反映细菌与基底材料间的粘弹性并且这一发现对于研究

细菌粘附，脱离和抗菌剂敏感度的研究有重要意义。 
 

在第四章中，我们假设了粘附于唾液表面的口腔细菌由于接触了抗菌剂之后结

合变紧而更加难以去除。为了验证这一假设，实验选取了四种口腔细菌粘附于

光的和唾液涂覆的玻璃表面，然后分别使用三种不同的漱口水进行处理，此后

研究了细菌振动的振幅以及在体系里面穿过一个气泡来施加一个外部的分离作

用力并研究分离细菌的百分比。实验首先研究了四种不同细菌的振幅，即其结

合键强度。结果显示三种漱口水处理之后的细菌表面正电荷得到了增强，由于

结合键的增强，粘附的细菌呈现出较小的振动幅度。同时漱口水处理之后的细

菌的分离比例也明显下降。使用缓冲液的对照组对振幅和分离百分比都没有产

生任何影响。为了排除由于细菌接触到漱口水之后有可能刺激其表面多糖的分

泌从而影响到其分离，因此我们采用傅立叶变换红外光谱对细菌在漱口水处理

前后进行了分析，红外光谱吸收峰面积并没有显示出多糖在接触漱口水前后出

现量上的变化，但是峰值的改变证明了多糖的结合键出现了增强，其结果是振

动振幅减小和分离变得更加困难。这些发现证实漱口水会使得口腔细菌和表面

之间的结合键增强因而使得粘附细菌更难被移除。 
 

到目前为止，我们已经研究了各种不同细菌的纳米级振动，研究发现它们之间

的位移分布的方式不尽相同。因此我们在第五章假设不同细菌的位移分布方式

也是一种表征不同细菌的特性。我们共研究了 12 种细菌菌株，包括革兰氏阳性

和革兰氏阴性菌株，具有不同纵横比和振动幅度。细菌位移分布方式显示出三

种不同的图案，并且特定的细菌菌株的显示出不同的特征。对于大多数的球形

细菌比如金黄色葡萄球菌，图案呈高度集中的圆盘形状，它直接表示了振幅的

大小。对于非球形细菌比如变形链球菌，当其纵横比大于 1.2 时，在静止状态

下其位移分布显示出环状，并且总是伴随着较高的振动振幅。而在流体环境下，

细菌位移分布显示出半月形分布，而非圆盘和环形分布。每个分布方式都代表

了不同的振动模式并且验证了我们的假设，这表明细菌的形状，是否存在水流

以及相应振动幅度是影响不同细菌菌株的振动模式的主要影响因素。 
 

在最后的讨论里（第 6 章）我们使用 Matlab 模拟了细菌的随机布朗运动。我们

模拟到了和实验类似的随机运动模式。这可以用作间接证明细菌振动是由于布

朗运动作用的结果。此外，我们证明由于离子浓度而改变的聚合物链的长度变

化是一个完全可逆的过程并且细菌振动对于表征细菌和基底之间的结合键高度

敏感。总体而言，本论文介绍了一种新颖的分析工具来分析复杂情况下细菌的

粘附，我们可称之为振动光谱法，并且相比起 AFM 和 QCM-D 而言要简单得多。 
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