
 

 

 University of Groningen

Visco-elastic properties of biofilms
Peterson, Brandon Wade

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:
2013

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Peterson, B. W. (2013). Visco-elastic properties of biofilms. s.n.

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: 25-05-2023

https://research.rug.nl/en/publications/16329df3-4588-4ccf-8944-d99096155be0


 

 

Visco-elastic Properties 

of Biofilms 

 

 

Brandon Peterson 

  



 

 

 

 

 

 
Visco-elastic Properties of Biofilms  

University Medical Center Groningen, University of Groningen 

Groningen, the Netherlands 

Cover: A bacterium constructs a biofilm house using matrix/slime materials. Back 

cover: Bacteria experiencing centrifugal force on a rollercoaster. The bacteria in 

back are losing their possessions due to excessive centrifugal force. 

Cover prepared by Joshua Johns. 

Copyright © 2013 by Brandon Peterson 

Printed by Off Page, Amsterdam, the Netherlands 

ISBN (printed version): 978-90-367-6398-1 

ISBN (electronic version): 978-90-367-6399-8 

  



 

 

Visco-elastic Properties of Biofilms 

 

Proefschrift 

ter verkrijging van het doctoraat in de 
Medische Wetenschappen 

aan de Rijksuniversiteit Groningen 
op gezag van de 

Rector Magnificus, dr. E. Sterken, 
in het openbaar te verdedigen op 

16 oktober 2013 
om 14.30 uur 

 
door 

 
Brandon Wade Peterson 
geboren op 7 februari 1979 
te Minneapolis, MN, USA 

 



 

Promotores:    Prof. dr. H.C. van der Mei 
     Prof. dr. ir. H.J. Busscher 
 
Copromotor:    Dr. P.K. Sharma 
 

Beoordelingscommissie:  Prof. dr. S.K. Bulstra 

     Prof. dr. Y. Ren 

     Prof. dr. W.J. Quax 

  



Paranimfen:    Jan Swartjes 
     Jessica A. Younes 

  



  



Table of Contents 

Chapter 1 General introduction ........................................................ 1 

Chapter 2 Bacterial cell surface damage due to centrifugal 

compaction (Appl. Environ. Microbiol. 2012, 78(1): 120-125) .......... 13 

Chapter 3 Environmental and centrifugal factors influencing the 

visco-elastic properties of oral biofilms in vitro (Biofouling 2012, 

28(9): 913-920) ............................................................................... 35 

Chapter 4 Stress relaxation analysis facilitates a quantitative 

approach towards antimicrobial penetration into biofilms (PLoS ONE 

2013, 8(5): e63750) ........................................................................ 59 

Chapter 5 Visualization of stress relaxation processes in 

Pseudomonas aeruginosa biofilms (submitted) ............................... 93 

Chapter 6 A distinguishable role of eDNA in the visco-elastic 

relaxation of biofilms (accepted in mBio) ....................................... 105 

Chapter 7 General overview and perspectives ............................. 131 

 

Summary and conclusion........................................................... 159 

Samenvatting 

Acknowledgements 

 

  



 



CHAPTER 1 
 

General introduction 

 

 

 
  



Chapter 1 

 

 
2 

Bacteria are among the most resilient organisms on the planet. They 

can easily adapt their metabolic and genetic activity to survive in their 

local environment. Different bacterial species can live in a large 

range of humidities, pHs, temperatures, oxygen levels, and nutrient 

availability. Not only can bacteria survive in a large range of 

environments, but also they possess the ability to evolve by mutation 

to obtain a strategic equilibrium with their environment (10,12,21). 

Despite these advantages, bacteria are rarely found isolated from 

community structures known as biofilms. Biofilms have a complex 

extracellular matrix and depending on the biofilm and its environment 

develops in five steps (37), which include initial bacterial adhesion, 

anchoring of the bacterium to the surface, formation of microcolonies 

including production of extracellular polymeric substances (EPS), 

formation of macrocolonies with three dimensional structures (i.e. 

mushrooms), and detachment intended for re-colonization.  

It is currently estimated that over 60% of all human infections and 

80% of bacterial infections, treated by physicians are due to biofilms 

(19,40). While some bacteria have a symbiotic relationship with their 

host (16,29,45), others are virulent (8,30,31) and in some cases fatal 

(3). The versatility of bacteria and their formation into biofilms allows 

bacteria to be found on most surfaces, including nutrient deficient 

abiotic biomaterial surfaces. Once a biofilm forms, it becomes 

significantly more difficult to remove or to kill the bacteria in the 

biofilm (48). In order to treat biomaterial associated infections 

different mechanisms can be used: prevention of bacterial adhesion, 

killing of adhering bacteria and therewith preventing biofilm 

formation, and killing and/or removing of a mature biofilm (7). So far 

previous research has been extensively focused on preventing 
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bacterial adhesion using surface coatings antagonistic with bacterial 

surfaces (33) and developing antimicrobial surface properties for 

killing the adhering bacteria (36,44). However, there are locations, 

such as the oral cavity, where an initial healthy biofilm can be 

subsequently change into much more pathogenic biofilms, thereby 

rendering these initial prevention methods irrelevant. For these 

cases, it is necessary to find a method to control biofilms after they 

have been formed. Before we can focus on biofilm removal we first 

need to know how to control a biofilm, and controlling a biofilm 

requires knowledge of the complexity within biofilms (11).  

The EPS matrix of a mature biofilm is comprised of multiple 

compounds including, but not limited to, polysaccharides, proteins, 

and extracellular DNA (5,17). EPS has been characterized as one of 

the fundamental structural components in a biofilm, and the 

properties of these substances have been investigated by many 

studies (26,32,46). Therefore, removal of mature biofilms requires 

the disruption of this fundamental structural component, because 

killing of the biofilm alone is not enough. Killing over 95% of 

Pseudomonas aeruginosa in biofilms did not prevent the EPS matrix 

from mechanically recovering from yield stress (28). Along with the 

structural foundation provided by EPS, biofilms also have an 

increased resistance to antimicrobials. A multitude of mechanisms 

are suggested for the increased antimicrobial resistance including an 

increased mutation rate (14), formation of antimicrobial degrading 

enzymes (23), endogenous oxidative stress (4), phenotypic changes 

(35), and metabolic states (6). Many of these mechanisms are also 

associated with EPS, further emphasizing its importance in biofilm 

survival. Physical associations of antimicrobial penetration have been 



Chapter 1 

 

 
4 

linked to components of biofilm structure, such as EPS, but no single 

association was capable of explaining all of the observed 

phenomena (1,41) due to heterogeneous microenvironments within 

the biofilm. However, physical properties related to components of 

biofilm structure may be an alternative.   

Biofilms are naturally visco-elastic containing both elastic and 

viscous properties (25,42), and their elastic relaxation times are 

largely uniform amongst different bacterial biofilms (39). In addition to 

its structural relevance, the EPS matrix is largely responsible for the 

visco-elastic response to stress (18,46). The visco-elastic response 

of biofilms is measured using one of two methods (creep or stress 

relaxation) and modeled using a combination of springs and 

dashpots which are either in series or parallel (Fig. 1). The 

movement of a biofilm under constant force, or creep, is modeled 

using the Burger parameters (24) or the Voigt elements (27). The 

measure of load at a constant distance, or stress relaxation, is 

modeled using the Maxwell elements (9,28). Herein, external stress 

using a uni-axial compression device is applied to a variety of 

biofilms to measure their mechanical properties and subsequent 

stress relaxation.  
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Figure 1. Orientation of springs and dashpots used to model visco-elastic properties 

in biofilms. a) Burger parameter b) Voigt element c) Maxwell element. 

The best way to study biofilms is to obtain naturally occurring 

biofilms from their flourishing environments. One of the most 

commonly occurring biofilms in the human body is dental plaque, yet 

obtaining large samples of intact natural dental plaque in a 

reproducible manner is both difficult and expensive in both time and 

money. Biofilm models, including those for dental plaque, focus on 

replicating the natural environment. However, it is very difficult or 

almost impossible to have a purely natural model (47). Biofilm growth 

models involve cycles of feast and famine (20), use of a chemostat 

(22) or use of a flow system (15). Although an in vitro model with a 

completely natural environment may be out of reach, we hypothesize 

that comparing the mechanical properties of in vitro biofilms to those 

of naturally occurring biofilms maybe a valid criterion to validate the 

correlation to naturally occurring biofilms. Mechanical properties, 

such as stress relaxation, have an advantage over metabolic and 

compositional properties, as they are more consistent over a broad 
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spectrum of bacterial biofilms (39). However, mechanical properties 

remain abstract and have not yet been associated with biofilm 

structures or physical properties such as antimicrobial penetration. 

A distinct difference between naturally occurring biofilms and 

those created in vitro are the laboratory techniques used in 

harvesting and growing bacteria and biofilms. Centrifugation is a 

commonly used laboratory technique to harvest and wash planktonic 

bacterial cells after culturing from frozen bacterial stocks. 

Centrifugation, in essence, involves compacting bacteria into a pellet, 

causing collisions and shear forces on bacterial cell surfaces, 

possibly altering bacterial surface properties. A wide variety of forces 

(roughly ranging from 1000 to 12000 × g) (2,38,43) have been used 

without mentioning a reason for a particular choice. High 

centrifugation speeds are currently preferred to collect as many 

bacteria as possible, verifying for bacterial cell viability but assuming 

it does not cause any other bacterial cell damage (13,38). Yet, 

studies have shown that both surface charge (34) and virulence (2) 

of microorganisms could be affected from high speed centrifugation. 

Therefore, accurately modeling mechanical properties of naturally 

occurring bacterial biofilms requires further investigation into the 

causes of centrifugal damage. 

The aim of this thesis is to better understand the visco-elastic 

properties of mature biofilms. Therefore we have investigated the 

following questions: 
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1- Are laboratory techniques important for the natural growth of 

bacteria and formation of biofilms.  

2- Is there a particular biofilm constituent which is responsible 

for the visco-elastic properties of a biofilm.  

3- Can visco-elastic properties of a biofilm be used for the 

prediction of antimicrobial penetration.  

This has been achieved by measuring the visco-elastic properties 

of in vitro biofilms of Streptococcus oralis, Actinomyces naeslundii, 

Pseudomonas aeruginoa, Staphylococcus aureus, Staphylococcus 

epidermidis, and Streptococcus mutans under different growth 

conditions. While growing in vitro biofilms the effect of surface 

damage due to centrifugation on bacterial properties and on the 

visco-elastic properties was also studied.  
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ABSTRACT 

Centrifugal damage has been known to alter bacterial cell surface 

properties and interior structures, including DNA. Very few studies 

exist on bacterial damage caused by centrifugation because of the 

difficulty in relating centrifugation speed and container geometry to 

the damage caused. Here, we provide a simple, versatile method of 

analysis for describing the compaction of bacteria during 

centrifugation based on a proposed centrifugation coefficient, C. 

Values of C can be related to different bacterial cell surface 

properties. Changing the geometry of the centrifugation container or 

centrifugation speeds changed the value of C significantly. Initial 

deposition rates of Staphylococcus aureus ATCC 12600 to a glass 

surface decayed exponentially from 4217 to 1478 cm-2s-1 with 

increasing C, while the proportion of staphylococci with a zeta 

potential of around -15 mV, decreased from 97% to 58%. These 

surface-sensitive parameters were used independently to derive a 

critical centrifugation coefficient (0.040), above which centrifugation 

was considered to impact the outcome of surface-sensitive 

experiments due to cell surface damage. The critical centrifugation 

coefficient could successfully predict staphylococcal cell surface 

damage, i.e. a significant change in initial deposition rate or zeta 

potential distribution, in 84% of all cases included here, whereas the 

centrifugation speed could predict damage in only 58% of all cases. 

Moreover, controlling the centrifugation coefficient within narrow 

limits over a series of experiments yielded 43% smaller standard 

deviations in initial staphylococcal deposition rates than with 

centrifugation at fixed speeds for replicate experiments.  
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INTRODUCTION 

Centrifugation is a common laboratory practice used for harvesting 

planktonic bacteria. For harvesting, a wide variety of forces (roughly 

ranging from 1000 to 12000 × g) (1,10-12) is used without mentioning 

a reason for a particular choice. Centrifugation in essence involves 

compacting bacteria into a pellet, causing collisions against each 

other that result in shear forces on the bacterial cell surface, which 

may easily lead to cell surface damage with a potential impact on the 

outcome of surface-sensitive experiments. Many experimental 

protocols choose high centrifugation speeds to collect as many 

bacteria as possible, while assuming it does not cause any bacterial 

cell damage or possibly even cell death (4,10). Yet, cell surface 

damage during bacterial centrifugation at 15000 × g was 

demonstrated to cause significant reductions in Escherichia coli 

viability compared to centrifugation at 5000 × g, while oppositely little 

effect was detected on the viability of Psychrobacter sp. strain SW8 

or Staphylococcus epidermidis (9). Moreover, bacterial cell surface 

damage can be expected to affect surface-sensitive phenomena, like 

their adhesion to surfaces. Chemical and physical surface damage to 

Pseudomonas aeruginosa for instance, yielded lower initial 

deposition rates to substratum surfaces than observed for 

undamaged bacteria (2). In general, harvesting by high-speed 

centrifugation (15000 × g) of bacterial cultures was found to reduce 

the surface charge of organisms not protected by a dense layer of 

extracellular polymeric substances (9). Kinetic experiments 

demonstrated differences in surface characteristics in Chlamydia 

psittaci after centrifugation at 1580 × g and further investigation 
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revealed a 10-fold drop in virulence, suggesting interior structures 

were also modified (1). Possible effects of centrifugation are often 

assumed to be absent or considered non-existing, which is partly 

because there is no simple method available to predict or evaluate 

bacterial cell surface damage due to centrifugation. The large range 

of applied centrifugation speeds likely yields unknown bacterial cell 

surface damage causing variations between reported results. 

Therefore, the aim of this study is to demonstrate how centrifugal 

compaction may impact the outcome of surface-sensitive 

experiments due to cell surface damage and to propose a predictive 

method from which possible cell surface damage can be inferred, 

using Staphylococcus aureus ATCC 12600 as an example strain. A 

centrifugation coefficient C is proposed that can be easily calculated 

from the measured volume of a single bacterium, the resulting 

bacterial pellet volume and the number of cells within the pellet. The 

coefficient C is suggested to be predictive for cell surface damage to 

occur or not during centrifugation and its predictive nature will be 

validated by studying initial deposition to glass and zeta potentials of 

staphylococci centrifuged at different speeds. 

MATERIALS AND METHODS 

Theoretical background: Coefficient of centrifugation. During 

centrifugation, bacteria in a suspension are compacted into a pellet. 

This creates a shear force active on the contact points between 

bacteria during compaction that depends on the orientation of the 

bacteria with respect to each other and the direction of the centrifugal 
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force. Consequently, a coefficient of centrifugation C describing the 

compaction within a pellet can be defined according to  

 

pellet

bacteriabacterium

V

nV
0.63=C           (Eq. 1) 

in which the ratio between the total bacterial volume occupied (i.e. 

the volume of a single bacterium (Vbacterium) multiplied by the number 

of bacteria in the pellet (nbacteria)) and the volume of the pellet (Vpellet) 

expresses the influence of the centrifugation speed. The factor 0.63 

represents the random angle orientation of the bacteria with respect 

to each other and the direction of the centrifugal force (see also Fig. 

1a) (8). With increasing centrifugation speed, more bacterial cells 

leave the suspension and enter into the pellet and a higher 

centrifugation speed leads to a smaller pellet and increased 

compaction which yield a higher coefficient of centrifugation.  

Determination of the coefficient of centrifugation according to Eq. 

1 requires measurement of the volume of a single bacterium, the 

number of bacteria in a pellet and the pellet volume. For spherically-

shaped bacteria, the radius of a single bacterium can be determined 

by microscopic techniques, such as scanning electron, atomic force, 

or phase-contrast microscopy or by more indirect techniques such as 

dynamic light scattering. The measured radius can then be simply 
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Figure 1. Schematic of applied forces and geometries of bacterial pellets. (a) The 

contact point between two bacteria during centrifugation. The shear force acting on 
the two cells due to compaction during centrifugation can be expressed as the sinus-

component () of the centrifugal force. In a pellet, the angle  takes random values 
between 0 and 90 degrees. (b) Pellet shapes and dimensions used in calculation of 
the pellet volume Vpellet (Eqs. 2). Measured dimensions are 2a, p, and d′ for both the 
cylindrical wedge and spherical cap geometries. The cone geometry was not used in 
this manuscript. 
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propagated into the bacterial volume (Vbacterium). For rod-shaped 

bacteria, other measures and formulas should be applied. 

Enumeration of the total number of bacteria in a pellet can be done 

after dispersal of the pellet into suspension followed by direct 

counting under a phase contrast microscope. Pellet geometry strictly 

coincides with the shape of the container used for centrifugation. 

Typically, pellets form according to three specific geometric shapes 

at the base/side of the container and possess a cone (Eq. 2a), 

cylindrical wedge (Eq. 2b), or spherical cap (Eq. 2c) shape, with 

volumes given by 

 

3

'2dR
V conepellet


          (Eq. 2a) 
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            (Eq. 2c) 

where R is the radius of the container, d′ is the depth of the pellet of a 

spherical cone or cap, h is p × cos(q), q being the fixed angle of the 

rotor and p is the measured diameter across the vertical plane, b is 

the radius across the curved edge of the cylinder (equal to p × 

sin(q)),  a is the measured radius across the straight edge of the 

cylinder, and  is the angle of incline of the pellet segment, set equal 

to cos-1(1-((b/R)) (see also Fig. 1b).  
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Bacterial strain, culturing and harvesting by centrifugation. S. 

aureus ATCC 12600 was pre-cultured from a blood agar plate in 10 

ml of Tryptone Soya Broth (TSB, OXOID LTD. Basingstoke, England) 

for 24 h, and subsequently sub-cultured into 200 ml fresh TSB under 

static conditions at 37°C for 18 h. 60 ml aliquots were taken from the 

culture and centrifuged (Beckman J2-MC Beckman Coulter, Palo 

Alto, CA, USA, rotors JA14 (200 ml at 25 degrees incline) and JA18 

(70 ml at 23 degrees incline), Beckman Coulter, Galway, Ireland) at 

1330, 6250, 6480, 14800 or 15300 × g for 5 min at 10°C. Note that 

the two rotors differed in rotor axis angles, container volumes, and 

degrees of filling.  

Experimental determination of centrifugation coefficients. In 

order to determine the volume of a single bacterium, a 60 ml aliquot 

was centrifuged at mid-speed (6480 × g) for 5 min at 10°C (JA14 

rotor), and the supernatant discarded. The pellet was washed twice 

with 10 ml phosphate buffered saline (PBS; 5 mM K2HPO4, 5 mM 

KH2PO4, 150 mM NaCl, pH 7.0) and was re-suspended by flushing 

PBS against the side wall of the container using a pipette. The final 

pellet was re-suspended in 10 ml PBS to a density 108 per ml using a 

Bürker-Türk counting chamber for enumeration. The hydrodynamic 

radius of the staphylococci was measured using dynamic light 

scattering (Malvern Instruments, Zetasizer nano series, nano-ZS, 

Worcestershire, UK). Three measurements were combined from 

three sub-cultures to obtain the average radius for S. aureus ATCC 

12600.  

Pellet volumes were measured after the different centrifugations 

in JA14 and JA18 rotor containers. After discarding the supernatant, 
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the pellet dimensions 2a, p, and d′ were measured using a caliper. 

Subsequently, Eq. 2a, b or c was chosen to calculate the pellet 

volume depending on the geometry of the container. Pellets were 

then re-suspended in 10 ml PBS, diluted and the number of bacteria 

in the pellet was determined using a Bürker-Türk counting chamber. 

In all cases, S. aureus ATCC 12600 appeared as single cells during 

enumeration. 

Surface-sensitive experiments. Bacterial deposition in a parallel 

plate flow chamber. Bacterial deposition to surfaces is highly 

sensitive to changes in bacterial cell and substratum surface 

properties. Therefore, staphylococcal deposition experiments were 

carried out in a parallel plate flow chamber. First, staphylococci were 

re-suspended in PBS at a density of 3 × 108 per ml after the different 

centrifugations. Initial bacterial deposition rates (j
0
) were determined 

on the bottom glass plate of the flow chamber with dimensions (3) 

17.5 × 1.6 × 0.075 cm. Briefly, the bacterial suspension flowed 

through the flow chamber at a wall shear rate of 15 s-1 for 60 min at 

21°C. Images were taken every minute, and the number of bacteria 

adhering per cm2 enumerated using in-house developed software 

based on MATLAB. From a plot of the number of adhering bacteria 

versus time, the initial deposition rate (j0, cm-2s-1) was calculated by 

linear regression analysis. All experiments were carried out in five-

fold with different bacterial cultures.  

Zeta potential distribution. In order to reveal possible cell surface 

damage from differences in zeta potentials, bacteria were suspended 

after the different centrifugations in low ionic strength PBS (5 mM 

K2HPO4, 5 mM KH2PO4, 30 mM NaCl, pH 7.0). Zeta potential 
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distributions were measured with a Lazer Zee Meter 501 (PenKem, 

Bedford Hills, NY, USA), equipped with image analysis options for 

zeta sizing. Briefly, the micro-electrophoresis chamber was filled with 

a bacterial suspension at a density of 107–108 bacteria per ml and a 

voltage difference of 150 V was applied over the chamber. The 

velocity of each individual bacterium was determined by image 

sequence analysis and expressed as a zeta potential, assuming the 

Helmholtz-Smoluchowski equation holds. Each zeta potential 

distribution presented contains a minimum of 100 individual bacteria. 

Zeta potentials were done in six-fold from six different bacterial 

cultures.  

Data analysis. Centrifugation coefficients were grouped according to 

the centrifugal force applied and compiled into box-plot format with 

median and quartiles with whiskers representing minimum and 

maximum values (Fig. 2, GraphPad Prism v. 5.00). Bacteria 

harvested, pellet volume, and calculated centrifugation coefficients 

as a function of centrifugation force were then compared using 

unpaired two-tailed student t-tests with Welch’s correction for 

unequal variances. To eliminate increased alpha errors (0.05) from 

multiple student t-tests, the reported p-values were multiplied by the 

number of tests performed: two for comparison of container geometry 

(JA14 and JA18 rotors at 6480/6250 × g and 15300/14800 × g) and 

three for speed comparison (6480 × g compared with 15300 × g in 

JA14 rotor and 6250 × g compared to 1330 and 14800 × g in JA18 

rotor).  
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RESULTS 

Centrifugation coefficients. The hydrodynamic radius of S. aureus 

ATCC 12600 in PBS was found to be 480 ± 86 nm, which combined 

with numbers of staphylococci in the pellets (4.5 × 1010 to 5.8 × 1010 

staphylococci, see Fig. 2a) and the pellet volumes (378 – 405 mm3 in 

JA14 rotor and 182 – 268 mm3 in JA18 rotor, see Fig. 2b) yielded the 

centrifugation coefficients presented in Fig. 2c as a function of the 

centrifugation speed. Incidentally, also atomic force and phase-

contrast microscopy yielded an average radius of S. aureus of 480 

and 500 nm respectively. Changing the centrifugation speed or 

geometry of the container did not significantly alter the number of 

bacteria harvested in a pellet. Pellet volume however, decreased with 

increasing speed and changed significantly (p = 0.0002) with the 

geometry of the centrifugation containers.  

Effects on the outcome of surface-sensitive experiments. The 

numbers of staphylococci adhering to the glass substratum increased 

linearly with time for at least 15 min under the present experimental 

conditions (Fig. 3). The slope of the linear deposition during the first 

15 min varied with the value of C (Fig. 3a) and resulted in an 

exponential decay (R2 = 0.75) with increasing centrifugation 

coefficients (Fig. 3b). The median of the initial deposition rates 

observed amounted 2703  cm-2s-1 and was adapted to derive a 

critical centrifugation coefficient (0.040), above which centrifugation 

was considered to severely impact the initial staphylococcal 

deposition rate.  
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The zeta potential distribution of S. aureus ATCC 12600 showed 

multiple sub-populations with different zeta potentials and full widths 

at half maximum (Fig. 4) ranging from -32 to +4 mV. The major sub-

population had a zeta potential around -15 mV (see Fig. 4a), 

regardless of the centrifugation coefficient, albeit in different 

proportions of the total population. The occurrence of bacteria with a 

zeta potential of around -15 mV decreased from 97% to 58% with 

increasing centrifugation coefficient which was concurrent with the 

development of other sub-populations of staphylococci with less 

negative zeta potentials. The percentage of the staphylococcal sub-

population with a zeta potential around -15 mV is given as a function 

of the centrifugation coefficient in Fig. 4b, and can also be used to 

determine a critical centrifugation coefficient, defined similarly as for 

the initial deposition rates (see Fig. 3b), but now based on the 

median percentage size of the -15 mV sub-population. Note that the 

critical centrifugation coefficient from zeta potential distributions 

above which centrifugation is considered to severely impact the cell 

surface properties (0.037), coincides well with the one derived from 

initial deposition rates (0.040). 
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Figure 2. The effects of centrifugation speed and container geometry on: (a) the 
number of S. aureus ATCC 12600 harvested in a pellet, (b) the pellet volume of after 
centrifugation, (c) the centrifugation coefficient, C for S. aureus ATCC 12600. 
Shaded quartiles designate using JA14 rotor, while unfilled quartiles designate using 
JA18 rotor. Whiskers indicate the minimum and maximum values over five 
measurements. Statistically significant differences for centrifugal force *, p < 0.05 
and **, p < 0.01, for rotor geometry, ###, p < 0.001. The horizontal line in (c) 
indicates the critical C value, as derived from initial deposition rates and zeta 
potential distributions (see Figs. 3 and 4). 
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Figure 3. Bacterial deposition in a parallel plate flow chamber. (a) The mean number 

of S. aureus ATCC 12600 deposited on glass as a function of time for different 
ranges of the centrifugation coefficient. (b) The initial deposition rate of S. aureus 
ATCC 12600 to glass as a function of the centrifugation coefficient applied during 
harvesting of the staphylococci. The curves obey an exponential decay with a 
correlation coefficient of R

2
 equal to 0.75. The dotted horizontal line indicates the 

median deposition rate from which a critical centrifugation coefficient of 0.040 is 
derived.  

 

 

Figure 4. Bacterial velocities and derivation of zeta potentials. (a) Example of the 

effect of centrifugation on the zeta potential distribution in a low ionic strength 
suspension of S. aureus ATCC 12600 for two different centrifugal forces. Each 
distribution is based on the measurement of the zeta potentials of between 100 and 
125 bacteria. (b) The percentage of staphylococci contained within the sub-
population with a zeta potential around -15 mV as a function of the centrifugation 
coefficient. The dotted horizontal line indicates the median percentage size of this 
sub-population, from which a critical centrifugation coefficient of 0.037 is derived. 
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Predictive capability of the critical centrifugation coefficient. If 

the predictive nature of the critical centrifugation coefficient would be 

100%, then the outcome of any surface-sensitive experiment at a 

centrifugation coefficient higher than the critical one, would yield data 

below the median outcome of that experimental set and vice versa. 

In order to quantify the predictive nature of the critical coefficient of 

centrifugation, we determined the percentage number of experiments 

fulfilling this condition. This yielded a predictive capability with 

respect the initial staphylococcal deposition rate and zeta potential 

distribution of 95% and 74%, respectively. Therewith, the average 

predictive capability of the critical centrifugation coefficient amounts 

to 84%, which is higher than from a similar analysis on the basis of 

centrifugation speed yielding a predictive capability of only 58%. 

Importantly, controlling the centrifugation coefficient within narrow 

limits of 0.02 units over a series of experiments yielded 43% smaller 

standard deviations in initial staphylococcal deposition rates than 

when the centrifugation speed was fixed.  

DISCUSSION 

Centrifugation is a necessary evil in harvesting microorganisms from 

liquid cultures and the potential damage arising from centrifugal 

compaction is usually ignored due to a lack of an easy assessment 

method. Here, we have introduced a new method for predicting cell 

surface damage from effects on the outcome of two surface-sensitive 

experiments, based on a so-called centrifugation coefficient. The 

centrifugation coefficient can be easily calculated from the pellet 

volume after centrifugation, the number of bacteria in the pellet and 

the volume of a single bacterium and is indicative of the degree of 
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compaction of bacteria in a pellet and thus of the shear forces acting 

on the cell surface during compaction. Centrifugation of S. aureus 

ATCC 12600 at coefficients above 0.040 resulted in a significant 

reduction in initial staphylococcal deposition rates to glass and 

change in their zeta potential distribution. The centrifugation 

coefficient describes the average compaction observed throughout 

the pellet rather than the compaction at one point due to differential 

compaction observed at different depths within a pellet. It is of 

interest to note that the critical centrifugation coefficient appeared 

independent of whether it was derived from the deposition behavior 

of the strain or its negative cell surface charge density (zeta potential 

distribution), suggesting that also other experiments involving the 

bacterial cell surface could have been used to arrive at this critical 

value. 

Hydrostatic pressures within a 15 ml centrifuge container at 

10000 × g can be as high as 10 atm and it is likely, that cell surface 

material is stripped off the cell surface by centrifugation (5). Cell 

surface molecules are “anchored” to the membrane and Grandbois et 

al. (6) have demonstrated that most anchored organic bonds rupture 

at 4.5 nN. The upper threshold of 4.5 nN for anchored organic bonds 

was therefore used to estimate whether centrifugal forces could 

cause cell surface damage. 
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The forces that bacteria in a pellet experience depend not only on 

their position in the pellet, but also on the centrifugation speed and 

the degree of compaction according to  

 

fChmhF )()(             (Eq. 3) 

in which m(h) is the total mass of the bacteria above a height h, f is 

the centrifugal acceleration and C is the centrifugation coefficient. By 

means of example, we have plotted the pellet volume as a function of 

its height in Fig. 5a. In Fig. 5a, it can be seen that only a fraction of 

all bacteria in a pellet actually experience a shear force above 4.5 

nN. The mass at the threshold height m(hthres) below which bacteria 

are affected by centrifugation can be calculated from Eq. 3, assuming 

F(h) to equal the molecular bond rupture force of 4.5 nN, and 

inserting the known centrifugal acceleration f and the measured 

coefficient of centrifugation C. From the calculated mass affected one 

can use Eqs. 2a, b, or c depending on the container geometry to 

calculate the volume affected. Fig. 5b shows that the volume fraction 

of bacteria affected by centrifugation increases with the coefficient of 

centrifugation, and even when centrifugation is performed below the 

critical centrifugation coefficient, a sizeable fraction of the bacteria 

may be expected to experience a shear force of 4.5 nN or higher. 

However, since these shear forces occur below the critical coefficient 

value, they did not severely affect the surface-sensitive properties 

measured here. In the proposed analysis of cell surface damage, we 

assumed that possible effects of bacterial re-suspension during 

harvesting could be neglected. We believe this assumption to be 
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valid, since we observed no difference in zeta potential distribution of 

staphylococci re-suspended by spontaneous dissolution over time, 

and by pipetting up to six times (data not shown). 

 

Figure 5. Volume affected within a bacterial pellet. (a) Example of the relation 

between the height in a bacterial pellet with the volume of the pellet (left axis) and 
the shear force exerted on the bacteria (right axis). Data represent a 5 mm thick 
pellet of S. aureus ATCC 12600 centrifuged at 6480 × g yielding a coefficient C 
value of 0.05. Volume affected is indicated by the green shaded region. (b) The 
centrifugation coefficient, C, as a function of fractional volume affected by shear 

force larger than 4.5 nN at two centrifugation speeds. The horizontal line indicates 
the critical centrifugation coefficient value for C established here.  
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In summary, shear forces active during the centrifugal 

compaction cause surface damage and affect bacterial cell surface-

sensitive properties, including their deposition to surfaces and 

surface charge. The proposed centrifugation coefficient, C, can be 

used to predict cell surface damage with an impact on the cell 

surface-sensitive properties selected. The centrifugation coefficient 

should be kept low by using a wide, flat bottom container to minimize 

the pellet height and therewith the shear forces during compaction. 

For S. aureus ATCC 12600, a critical value of 0.040 for C was found, 

resulting in an average success rate of 84% in predicting cell surface 

damage affecting initial staphylococcal deposition rates and zeta 

potentials. Furthermore, controlling the centrifugation coefficient 

within narrow limits decreased the standard deviation between 

replicates more strongly than controlling the centrifugation speed. 

This is an important conclusion of general applicability, since it may 

help to improve the reproducibility within one and among different 

laboratories when performing cell surface sensitive experiments with 

centrifuged bacteria. The measurement of the centrifugation 

coefficient is simple and solely requires an estimate of the volume of 

the bacterial pellet and a single bacterium, as demonstrated here for 

S. aureus ATCC 12600.  
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ABSTRACT 

Centrifugal compaction causes changes in bacterial cell surface 

properties. It has been shown previously, that planktonic cell 

surface properties change with increasing centrifugal compaction. 

This study aims to analyze influences of centrifugal compaction 

and environmental conditions on visco-elastic properties of oral 

biofilms. Biofilms were grown out of a layer of initially adhering 

streptococci, actinomyces or their combination. Different uni-axial 

deformations were induced on the biofilms and load relaxations 

measured over time. Linear-Regression-Analysis demonstrated 

that both centrifugation coefficient for streptococci and induced 

deformation influenced the percentage relaxation. Centrifugal 

compaction significantly influenced relaxation only upon 

compression of the outermost 20% of the biofilm (p < 0.05), 

whereas biofilm composition became influential upon inducing 

50% deformation, invoking re-arrangement of bacteria in deeper 

biofilm structures. In summary, the effects of centrifugal 

compaction of initially adhering, centrifuged bacteria extend to 

visco-elastic properties of biofilms, indicating that the initial 

bacterial layer influences the structure of the entire biofilm. 
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INTRODUCTION 

Bacteria as single cells are vulnerable to minute changes in their 

natural environment and therefore group themselves into 

protective structures, known as biofilms. Biofilms were initially 

thought to be structurally homogenous, but it is now universally 

accepted that biofilms have a 3-dimensional structure with site-

specific cohesive strengths, diffusion rates, and growth dynamics 

(21). Dental plaque is an example of a complex biofilm consisting 

of over 600 bacterial species of both symbiotic and pathogenic 

bacteria (14). From its earliest point in development, dental plaque 

is a multi-species biofilm that promotes a metabolic and growth 

advantage for the participating organisms (16). Multiple species 

coexist with each other and physically interact with selected other 

strains and species via specific adhesion molecules to cause co-

aggregation (20,22). The co-aggregating bacteria form 

microcolonies and excrete extracellular polymeric substances 

(EPS) that provide structure, mechanical strength and resistance 

against chemotherapeutics to the biofilm (4,7). Effective protection 

against external removal forces, frequently occurring in the oral 

cavity (23), requires both viscous and elastic properties of the 

biofilm (12). The EPS matrix and 3-dimensional structure of 

biofilms have both been implicated in the visco-elastic properties 

of a biofilm and may vary significantly depending on the 

environmental conditions during growth (25). 

There are currently different models for growing biofilms, 

although they focus on reproducing the environmental growth 

conditions rather than on the resulting biofilm properties. These 
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models include, but are not limited to, cycles of feast and famine 

(8), use of a chemostat (10) and flow (5). Zero describes the 

complications in model development best, saying that it is not 

possible to have a completely “natural” model (26). Thus whereas 

a completely natural in vitro model may be out of reach, it remains 

important to identify the environmental conditions that influence 

the in vitro biofilm properties.  

An important parameter in this respect is possible bacterial cell 

surface damage due to centrifugal compaction. Most in vitro 

models involve harvesting of bacteria via centrifugation, while 

bacteria in their natural environment have never experienced 

centrifugation. Centrifugal damage has been known to alter 

bacterial cell surface properties (1,18). The compaction of bacteria 

during centrifugation causes shear forces acting on bacterial 

surface structures that can be described by the so-called 

centrifugation coefficient, C (see Eq. 1 below, (19)). Initial 

deposition rates of Staphylococcus aureus ATCC 12600 to a glass 

surface decayed exponentially from 4217 to 1478 cm-2s-1 with 

increasing centrifugation coefficients, while the proportions of 

staphylococci with a more negative zeta potential decreased. 

Moreover, controlling the centrifugation coefficient within narrow 

limits over a series of experiments yielded 43% smaller standard 

deviations in initial staphylococcal deposition rates than when 

fixing centrifugation speeds (19), in essence because the 

centrifugation coefficient accounts for compaction due to both the 

centrifugation speed and the shape of the centrifugation 

containers. 
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The aim of this study is to demonstrate and analyze the 

influence of environmental conditions like induced deformation, 

type and number of bacterial strains, shear rate, and influence of 

sedimentation as well as of centrifugal compaction on the visco-

elastic properties of oral biofilms in vitro. An influence of 

centrifugation on the properties of a biofilm in which generations of 

bacteria have never experienced centrifugation, would severely 

impact the way microbiologists should regard in vitro experiments 

with biofilms.   

MATERIALS AND METHODS 

Bacterial strain, culturing and harvesting by centrifugation. 

Streptococcus oralis J22 and Actinomyces naeslundii T14V-J1 

were pre-cultured from blood agar plates into 10 ml enriched Brain 

Heart Infusion medium (eBHI, 37.0 g l-1 BHI, 5.0 g l-1 yeast extract 

(OXOID, Basingstoke, England), 0.725 g l-1 L-cystiene-HCl, 0.0025 

g l-1 hemin (Sigma, St. Louis, MO, USA), and 0.002 g l-1 vitamin K1 

(Alfa Aesar GmbH, Karlsruhe, Germany)) and grown (24 h, 37ºC) 

in aerobic and anaerobic (85% N2, 10% H2, 5% CO2,) conditions, 

respectively. S. oralis (20 μl) or A. naeslundii (200 μl) were then 

passed into eBHI (200 ml) and allowed to grow for 17 h at 37°C. 

The bacterial cells were harvested by centrifugation at 1380, 2460 

or 15300 × g and washed (30 ml) before final suspension in 10 ml 

buffer (50 mM KCl, 2 mM KH2PO4/K2HPO4, 1 mM CaCl2 [Merck, 

Darmstadt, Germany]). After each centrifugation cycle, the pellet 

dimensions and the number of bacteria in a pellet were measured 

for calculation of the centrifugation coefficient, C according to Eq. 

1 (19) 
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pellet

bacteriumbaceteria

V

Vn
.C 630=       (Eq. 1) 

 

where nbacteria is the number of bacteria harvested in the pellet, 

Vbacterium is the volume of a single bacterium and Vpellet is the 

volume of the pellet. The total volume centrifuged (200 ± 10 ml) 

and the actual temperature of the centrifuge during operation both 

affected the pellet dimensions, and therewith the value of C, 

impeding full control over the resulting C values by adjusting the 

centrifugation speed. The final suspension was sonicated (on ice, 

10 s, 30 W; Vibra cell model 375, Sonics and Materials Inc., 

Newtown, CT, USA) to break up bacterial chains and aggregates 

after which bacteria were diluted in buffer to a density of 3 x 108 

ml-1 with the aid of a Bürker-Türk counting chamber.  

Bacterial adhesion and biofilm growth in a parallel plate flow 

chamber. Salivary conditioning films were formed on cleaned 

microscope glass slides (76 x 26 mm, Braunschweig, Germany) 

from reconstituted human whole saliva prepared by dissolving 

lyophilized saliva from a pool of donors in buffer to a concentration 

of 1.5 mg ml-1 (24). Glass slides, constituting the top and bottom of 

the parallel plate flow chamber (see below) were exposed to 

reconstituted saliva at 4°C for 17 h in a sterile Petri dish (10 ml per 

slide) in order to form a salivary conditioning film.  

Next, a bacterial suspension was allowed to flow through a 

parallel plate flow chamber with dimensions 17.5 x 1.6 x 0.075 cm 
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(3) at one of the three different wall shear rates (7, 15 or 50 s-1), up 

to 150 min at 21°C. Adhesion took place on both the top and 

bottom plate of the flow chamber, but unlike on the top plate, 

sedimentation contributed to the bacterial mass transport on the 

bottom plate. Adhesion was monitored only on the bottom plate 

using phase contrast microscopy. Images were taken every 

minute, and adhering bacteria were enumerated using in-house 

developed software based on MATLAB. For single species 

biofilms, bacterial adhesion was stopped at a surface density of 2 

x 106 cm-2. When mixed species biofilms were to be obtained, S. 

oralis J22 was deposited first, followed by deposition of A. 

naeslundii T14V-J1 till equal surface densities (1 x 106 cm-2) of 

both strains were obtained. Before perfusion of the flow chamber 

with A. naeslundii, a 15 min wash-out was performed at the 

experimental shear rate to remove non-adhering streptococci from 

the tubes and flow chamber. After initial deposition, the flow cell 

was washed with sterile buffer (30 min) at the experimental shear 

rate and subsequently biofilms were allowed to grow at 37°C 

during flow with 20% eBHI in buffer for 48 h. After incubation, the 

biofilms were submerged in sterile buffer to remove any non-

adhered bacteria and to keep the biofilm hydrated prior to 

measurement. All experiments were carried out in seven-fold with 

different bacterial cultures.  

Low load compression testing. Biofilm thickness and 

compressive strength were measured using uni-axial compression 

on a low-load compression tester (LLCT) (13). During all LLCT 

measurements, biofilms were kept hydrated with buffer. Biofilm 

thickness was measured by first moving the plunger of the LLCT 
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(diameter 2.5 mm) towards a clean, uncultured region of the glass 

slide until a touch load of 0.01 g and the plunger position was 

registered. Next, this procedure was repeated for a biofilm covered 

region of the glass slide and the difference in positions of the 

plunger in both cases taken as the thickness of the biofilm. For 

compression, the biofilms were then imparted a quasi-

instantaneous deformation of 10, 20, and 50% in 1 s and induced 

deformation was subsequently held constant for 100 s by keeping 

the plunger in place, (15). For further calculations, deformation 

was expressed in terms of strain, , using  

 

)
h

h
ln(


+1=

      (Eq. 2) 

where h is the decrease in height and h is the undeformed height 

of the biofilm.
 

Stiffness of the biofilm was quantified as the slope of the stress 

versus strain plot during initial deformation of the biofilm (Fig. 1a). 

The deformation induced load in the biofilm and its relaxation were 

monitored over time (see also Fig. 1a) and normalized over the 

cross-sectional area of the plunger to calculate the induced stress 

(ε). The percentage change in induced stress occurring within 100 

s from its initial value was termed the percentage stress relaxation. 

At each induced deformation, three measurements were 

performed at three  
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Figure 1. Data acquisition and analysis from low load compression testing.  

(a) Applied stress as a function of time. Biofilm stiffness can be derived from the 

linear increase in stress up to t = 0. Relaxation is initiated at t = 0.  
(b) Schematic presentation of a visco-elastic model, comprising three generalized 

Maxwell elements with spring constant Ei, viscosity ηi, and characteristic decay 

time i. 
(c) Separation of measured biofilm relaxation as a function of time, into three 

different Maxwell elements according to Fig. 1b and Eq. 1. The fit of the sum of 
the modeled elements fully corresponded with the measured data. 
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different locations within the same biofilm, yielding nine 

measurements per biofilm. In order to avoid mechanical 

interference from neighboring indentions, a space of 2.5 mm was 

taken in between two indentations.  

Visco-elastic properties. Measured relaxation curves for each 

biofilm were modeled with a generalized Maxwell model containing 

at most three elements (see Fig. 1b) according to 

 

321

321 ++=


ttt

eEeEeE)t(E    (Eq. 3) 

in which E(t) is the total stress exerted by the biofilm divided by the 

strain imposed (i.e. 0.1, 0.2 or 0.5). E(t) was expressed as the sum 

of three Maxwell elements with a spring constant Ei, and 

characteristic decay time, i (see also Fig. 1b). The model fitting 

for E(t) and τ values of the three elements was done by minimizing 

the chi-squared value (Fig. 1c) using the Solver tool in Microsoft 

Excel 2010. Fitting to three Maxwell elements yielded the lowest 

chi-squared values and increasing the number of Maxwell 

elements only yielded minor decreases in chi-squared values of 

less than 3%. Subsequently, the Maxwell elements were 

somewhat arbitrarily named fast, intermediate or slow based on 

their τ values i.e. τ < 5, τ = 5 – 100, and τ > 100 s respectively (see 

also Fig. 1b). Relative importance of each element, based on the 

value of its spring constant Ei, was expressed as the proportion of 

its spring constant to the sum of all spring constants.  
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Statistical analysis. Data were compiled, and biofilm visco-elastic 

properties were analyzed for significant influences of induced 

deformation, centrifugal compaction, type of bacteria used, 

sedimentation, and shear rate using a Mixed Linear Regression 

Analysis (MLRA, SPSS 16.0, see also (2)). The MLRA creates a 

linear regression analysis for each environmental condition, and 

normalizes the influences of each environmental condition based 

on the linear regression curves established. This eliminates the 

influences of co-factors in the analysis, and yields the relative 

importance of each environmental condition with respect to 

relaxation. Significant influences at p < 0.05 were isolated into 

cross-tabs, while non-significant influences were combined in the 

data representation. Significance between groups formed after 

separation of significant influences was calculated using a Student 

t-test (unequal number, equal variance), where the t variable and 

df (degrees of freedom) were calculated and referred to the 

Student distribution.  

RESULTS 

During harvesting of bacteria, the centrifugation coefficient varied 

between 0.008 and 0.065 for S. oralis J22 and between 0.022 and 

0.155 for A. naeslundii T14V-J1. The overall variation in biofilm 

thickness, stiffness and percentage relaxation ranged from 25 to 

327 m, 24 to 228850 Pa and 6 to 100% respectively, irrespective 

of the environmental conditions as type and number of bacterial 

strains present in the biofilm, shear rate, influence of 

sedimentation as well as of centrifugal compaction. Mixed Linear 

Regression Analysis (MLRA) demonstrated that both 
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centrifugation coefficient for S. oralis and induced deformation had 

a significant influence on the percentage relaxation after biofilm 

deformation (see Table 1).  

 

Table 1. Significant influences of environmental conditions affecting visco-elastic 

properties obtained by Mixed Linear Regression Analysis. Conditions were 

considered significant for p < 0.05 (data in bold).  

Environmental 
Condition 

Percent 
Stress 

Relaxation 

Fast 
Relaxation 

Intermediate 
Relaxation 

Slow 
Relaxation 

Biofilm 
Stiffness 

Biofilm 
Thickness 

Induced 
Deformation 

< 0.001 0.420 < 0.001 < 0.001 < 0.001 0.123 

Centrifugal 
Compaction for          

S. oralis J22 
0.002 0.011 0.777 0.015 0.011 0.496 

Centrifugal 
Compaction for          
A. naeslundii 

T14V-J1 

0.297 0.580 0.044 0.241 0.254 0.240 

Strain(s) Used 0.133 0.993 0.154 0.234 0.065 0.411 

Sedimentation 0.083 0.487 0.739 0.294 0.035 0.472 

Shear Rate 0.558 0.600 0.695 0.955 0.154 0.107 

*Biofilm stiffness and biofilm thickness were both co-factors in the analysis. 
Biofilm stiffness significantly altered the percentage relaxation via its fast element 
(p < 0.001), while biofilm thickness significantly influenced the fast and slow 
elements (p < 0.001). 

Accordingly, the percentage stress relaxation for S. oralis, A. 

naeslundii and dual species biofilms were presented for the 

different induced deformations of the biofilms, as separated for 

cultures centrifuged above and below the median centrifugation 
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coefficient (0.038 for S. oralis J22 and 0.059 for A. naeslundii 

T14V-J1) in Table 2. Separation of the data above and below the 

median centrifugation coefficient could not be done for dual 

species biofilms since both strains suffered different centrifugal 

compaction. The percentage stress relaxation decreased in a 

similar way with increasing induced deformation for all biofilms, 

while it was significantly higher for the dual species biofilms at the 

highest induced deformation than for S. oralis biofilms (p < 0.05). 

Furthermore, centrifugation above the median centrifugation 

coefficient yielded a higher percentage stress relaxation for S. 

oralis biofilms than centrifugation below the median centrifugation 

coefficient at induced deformations of 10% and 20%.  

Breakdown of the relaxation curve (see Fig. 1a) into its three 

Maxwell elements (Fig. 1b) yielded the contribution of each 

element as a function of time (Fig. 1c). The relative importance of 

each Maxwell element at t = 0 was subsequently presented for the 

different induced deformations and (combinations of) bacterial 

strain(s) (Fig. 2) and separated in cases where the centrifugation 

coefficient was below or above median (Fig. 3). The relative 

importance of fast relaxation was significantly (p < 0.05) smaller 

for A. naeslundii biofilms than for S. oralis biofilms at 10 and 20% 

induced deformations and for dual species biofilms at 10 and 50% 

induced deformations. Meanwhile the relative importance of the 

slow relaxation was smallest (p < 0.05) at 50% induced 

deformation for dual species biofilms as compared to both single 

species biofilms (Fig. 2).  
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Table 2. Percentage stress relaxation for Streptococcus, Actinomyces and dual 

species biofilms as a function of induced deformation on the biofilms. Data are 
presented regardless of centrifugal compaction and separated for cultures 
centrifuged above and below the median centrifugation coefficient (0.038 for S. 
oralis J22 and 0.059 for A. naeslundii T14V-J1). Separation of the data above 
and below the median centrifugation coefficient could not be done for dual 
species biofilms since both strains suffered different centrifugal compaction.  

 

Induced 
Deformation 

S. oralis J22 A. naeslundii T14V-J1 Dual Species 

Average of All Data 

10% 83.5 ± 3.6 82.4 ± 3.3 88.2 ± 2.6 

20% 72.5 ± 4.0 75.2 ± 3.5 77.1 ± 3.7 

50% 50.6 ± 4.7 55.5 ± 3.8 64.3 ± 4.2
†
 

Centrifugal Compaction Above the Median Centrifugation Coefficient 

10% 92.5 ± 2.2* 87.1 ± 2.9 -- 

20% 81.2 ± 3.7* 81.1 ± 3.7 -- 

50% 60.2 ± 4.7 60.1 ± 4.0 -- 

Centrifugal Compaction Below the Median Centrifugation Coefficient 

10% 79.0 ± 3.6 84.0 ± 3.0 -- 

20% 68.5 ± 3.7 71.7 ± 3.5 -- 

50% 55.0 ± 4.5 60.3 ± 4.3 -- 

 
* indicates significant (p < 0.05) differences of data above and below the median 
centrifugation coefficient, while 

†
 indicates significance between dual species and 

S. oralis biofilms.  
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Figure 2. Dependence of the relative importance of the three Maxwell elements 

on deformation for the two single species and the dual species biofilm used in 
this study, neglecting possible centrifugation effects. Significant comparisons 
(Student t-test, p < 0.05) are indicated by the connecting bars with names of the 
Maxwell element(s) involved.  
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Figure 3. Dependence of the relative importance of the three Maxwell elements 

on deformation for the two single species and the dual species biofilm used in 
this study, separated according to the centrifugation coefficient being below or 
above median. Significant comparisons (Student t-test, p < 0.05) are indicated by 
the connecting bars with the names of the Maxwell element(s) involved.  
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Centrifugal compaction had a significant influence on the 

relative importance of Maxwell elements at induced deformations 

of 20% or less, as demonstrated by the differences between the 

relative importance of Maxwell elements of biofilms formed from 

bacteria centrifuged above and below the median centrifugation 

coefficient (Fig. 3). At 50% induced deformation, differences in 

relative importance of the Maxwell elements of biofilms formed 

from bacteria centrifuged above and below median centrifugation 

coefficient disappeared. 

DISCUSSION 

Bacteria in their natural environment have never been exposed to 

centrifugal compaction, and the potential effects of centrifugal 

damage are generally ignored. Previously it has been showed that 

centrifugal damage can alter the surface charge and initial 

adhesion of a staphylococcal strain (19). Here it is demonstrated 

that centrifugal compaction influenced relaxation only upon 

compression of the outermost 20% of an oral biofilm, whereas 

biofilm composition became influential upon inducing 50% 

deformation, invoking deeper biofilm structures. Thus centrifugal 

damage may extend to the visco-elastic properties of biofilms after 

growth, despite the fact that many generations of bacteria in a 

biofilm have never experienced centrifugation. 

Biofilms have been described as visco-elastic fluids (12), and 

accordingly the part of deformed biofilm that flows out of the 

loaded region is expected to participate less in the relaxation 

process than the part of the biofilm directly underneath the 
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plunger. Hence, we assume a constant cross-sectional area to 

calculate the stress () and generalized Maxwell model to fit the 

stress relaxation process. However, it is not entirely proven 

whether this approach holds, and whether a large strain model as 

described for hypervisco-elastic materials (11) should not have 

been used. However, application of a large strain is presently 

impossible for deformed biofilms, as we cannot estimate how 

much the biofilm actually bulges outwards as a function of 

relaxation time. Nevertheless, the results of the current study 

remain valid on a qualitative, comparative level and allow 

meaningful conclusions with respect to centrifugal damage and 

their influence on biofilm structure and therewith on the visco-

elastic properties of a biofilm.  

Maxwell analysis of the visco-elastic response of biofilms upon 

induced deformations is usually confined to a mathematical 

presentation of results, but the processes underlying relaxation as 

occurring in a biofilm are unknown and seldom alluded to. 

Mathematical analysis allowed identification of three Maxwell 

elements in biofilm relaxation that were more or less arbitrarily 

named fast, intermediate or slow based on their characteristic time 

constants. In a biofilm, the bacterial cells have the largest mass, 

which implies that their re-arrangement after an induced 

deformation of the biofilm may be associated with the slow 

relaxation element, i.e. τ3. In contrast, water may be anticipated to 

flow out relatively fast through pores and channels in a deformed 

biofilm, and it was associated with the fast relaxation element, i.e. 

τ1. The EPS produced by the organisms is still highly hydrated (6) 

but is more viscous than water and the outflow after an induced 
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deformation is associated with the intermediate relaxation element 

τ2 (see Fig. 1b). Bacterial re-arrangement plays a larger role after 

50% induced deformation (see Figs. 2 and 3) than after 

deformations of 10% and 20%, while the role of a possible outflow 

of EPS decreases likely due to extensive narrowing of pores and 

channels in biofilms after 50% deformation. Narrowing of pores 

and channels will less affect possible outflow of water than of EPS, 

because water is less viscous than EPS. 

It is difficult to understand at first glance how effects of 

centrifugation can extend beyond the level of the initially adhering 

organisms and influence the properties of a 48 h old biofilms. 

Biofilms grow from adhering single bacteria into microcolonies 

within 16 h (9). These microcolonies form a foundation that 

supports the entire biofilm and therewith may profoundly impact its 

properties. Thus, any change to the foundation of a biofilm through 

centrifugal damage to the initially adhering bacteria, will influence 

the properties of the biofilm structure as demonstrated here for the 

visco-elasticity of different oral biofilms.  

Bacteria that are in direct contact with the substratum surface 

are the only ones that have experienced centrifugation, but yet 

effects of centrifugal compaction on stress relaxation were only 

observed for induced deformations of 10% and 20%, which mostly 

relate to the outermost biofilm, while at 50% induced deformation, 

effects of centrifugal compaction had disappeared (Fig. 3). 

Previously, it has been shown that deformation of oral biofilms 

beyond 50% required an exponentially increasing loading force 

probably because 50% deformation invokes deeper, more 
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compact layers of bacteria (17). As a consequence, relaxation of 

these layers will much more involve bacterial re-arrangement than 

outflow of water or EPS. This is confirmed by the present data, 

since relaxation after 50% induced deformation showed a bacterial 

strain dependent response, i.e. different for spherical cocci than 

for rod-shaped actinomyces, including a combination of both.  

In summary, the effects of bacterial cell surface damage due to 

centrifugal compaction can extend to the visco-elastic properties of 

biofilms after growth, despite the fact that many generations of 

bacteria in a biofilm have never experienced centrifugation. 

Centrifugal compaction influenced relaxation only upon 

compression of the outermost 20% of the biofilm, whereas biofilm 

composition became influential upon inducing 50% deformation, 

invoking deeper biofilm structures. In conclusion, the structure of a 

biofilm is determined to a large extent by the layer of initially 

adhering bacteria that form a foundation that supports the biofilm 

growing on top and therewith influence the structure of the entire 

biofilm.  
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ABSTRACT 

Biofilm-related infections can develop everywhere in the human body 

and are rarely cleared by the host immune system. Moreover, 

biofilms are often tolerant to antimicrobials, due to a combination of 

inherent properties of bacteria in their adhering, biofilm mode of 

growth and poor physical penetration of antimicrobials through 

biofilms. Current understanding of biofilm recalcitrance toward 

antimicrobial penetration is based on qualitative descriptions of 

biofilms. Here we hypothesize that stress relaxation of biofilms will 

relate with antimicrobial penetration. Stress relaxation analysis of 

single-species oral biofilms grown in vitro identified a fast, 

intermediate and slow response to an induced deformation, 

corresponding with outflow of water and extracellular polymeric 

substances, and bacterial re-arrangement, respectively. Penetration 

of chlorhexidine into these biofilms increased with increasing relative 

importance of the slow and decreasing importance of the fast 

relaxation element. Involvement of slow relaxation elements 

suggests that biofilm structures allowing extensive bacterial re-

arrangement after deformation are more open, allowing better 

antimicrobial penetration. Involvement of fast relaxation elements 

suggests that water dilutes the antimicrobial upon penetration to an 

ineffective concentration in deeper layers of the biofilm. Next, we 

collected biofilms formed in intra-oral collection devices bonded to 

the buccal surfaces of the maxillary first molars of human volunteers. 

Ex situ chlorhexidine penetration into two weeks old in vivo formed 

biofilms followed a similar dependence on the importance of the fast 

and slow relaxation elements as observed for in vitro formed biofilms. 

This study demonstrates that biofilm properties can be derived that 

quantitatively explain antimicrobial penetration into a biofilm.  
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INTRODUCTION 

In the 17th century the Dutch fabric merchant Antonie van 

Leeuwenhoek started to construct his own microscopes in order to 

be able to better examine the quality of the fabrics he bought and 

sold. He examined more than just his fabrics and after utilizing one of 

his own microscopes in 1684 to look at the accumulation of matter on 

his teeth, he remarked in a report to the Royal Society of London: 

"The number of these animalcules in the scurf of a man's teeth are 

so many that I believe they exceed the number of men in a kingdom". 

This was not enough however, to satisfy the curiosity of the fabric 

merchant, who would become one of the most famous 

microbiologists of all times, and he furthermore discovered “that the 

vinegar with which I washt my Teeth, kill’d only those Animals which 

were on the outside of the scurf, but did not pass thro the whole 

substance of it”. 

Translated to one of the important topics in modern microbiology, 

Van Leeuwenhoek was referring to the biofilm mode of growth of 

bacteria adhering on a surface (11), embedding themselves in a 

matrix of extracellular polymeric substances (EPS) (9) that not only 

offers physical protection against antimicrobial penetration but can 

also yield bacterial properties that are different from their planktonic 

counterparts. Bacteria in their adhering, biofilm mode of growth can 

become inherently resistant to antimicrobials through mutation (8), 

formation of antibiotic degrading enzymes (12), endogenous 

oxidative stress (1), phenotypic changes (21), and low metabolic 

activities (2). Despite extensive studies over many centuries, 

prevention of biofilm formation remains a prime challenge in many 
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industrial and biomedical applications. In industrial applications, 

biofilms inflict major damage when formed on processing equipment 

or in pipes used to transport resources (27). In the biomedical field, 

biofilm-related infections can develop everywhere in the human body 

from head (oral biofilms (29)) to toe (infected diabetic foot ulcers (7)). 

Biofilm-related infections are rarely cleared by the host immune 

system and especially infections that arise after implantation of 

biomaterial implants (e.g. prosthetic hips and knees) or devices (e.g. 

pace makers) are known to be persistent and difficult to treat, since 

the antimicrobial tolerance of bacteria in their biofilm mode of growth 

extends to many antibiotics used in modern medicine (5). Moreover, 

dental caries and periodontal diseases, the most wide-spread 

infectious diseases in the world, are due to biofilms that Van 

Leeuwenhoek tried to eliminate by using vinegar as an antimicrobial 

mouthrinse (23). 

Although the microscopes used nowadays are more 

sophisticated than the ones Van Leeuwenhoek employed, our 

understanding of the recalcitrance of biofilms toward antimicrobial 

penetration is still based on qualitative description of biofilms (30), 

using expressions as “water channels”, “mushroom structures”, 

“whiskers” and “streamers” (17,20). This raises the question whether 

quantifiable properties of biofilms exist that would relate with 

antimicrobial penetration into a biofilm. As for polymeric materials, 

structural and compositional properties of biofilms, should be 

reflected in their viscoelastic properties. Visco-elastic properties of 

oral biofilms depend on the degree of compaction during formation, 

the absence or presence of flow during growth, their architecture and 

microbial composition (18,22). The visco-elastic properties of oral 
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biofilms can be determined by evaluating their relaxation after 

deformation during external loading. Stress relaxation during external 

loading is a time-dependent process and can be separated into a 

number of responses, each with a characteristic time constant (15). 

Although Maxwell analysis of stress relaxation to derive the 

characteristic time constants of the various relaxation processes that 

occur in a biofilm under external loading has been done before (10), 

results have been regarded mainly from a mathematical perspective 

and the details of the relaxation-structure-composition relation in 

biofilms and the physical processes associated with the different 

time-constants, are mostly neglected. Stress relaxation may involve a 

number of processes, like the outflow of water and EPS from the 

biofilm and re-arrangement of the bacteria in the biofilm (19). Since 

penetration of an antimicrobial into a biofilm depends on diffusion 

(25) and therewith on its structural and compositional features, like 

the presence of water-filled channels in the biofilm or EPS-containing 

spaces, we here hypothesize that the penetration of an antimicrobial 

into a biofilm may relate with stress relaxation and its underlying 

processes. 

The aim of this study is to gain evidence in support of this 

hypothesis. To this end, single-species biofilms of two oral bacterial 

strains, Streptococcus oralis and Actinomyces naeslundii were grown 

in a parallel plate flow chamber (PPFC) (4) and in a constant depth 

film fermenter (CDFF) (14). Subsequently, we measured their visco-

elastic properties using a low load compression tester, as well as the 

penetration of chlorhexidine into the biofilms. Following Van 

Leeuwenhoek, we chose to collect support for our hypothesis based 

on oral biofilms, because the human oral cavity is highly accessible 
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and also allows for sampling of in vivo formed biofilm. Therefore, in 

order to not only gain in vitro evidence in support of our hypothesis, 

an intra-oral biofilm collection device was developed to grow oral 

biofilms in situ, in absence of mechanical perturbation. In vivo formed 

biofilms in the devices worn by human volunteers were examined ex 

situ with respect to their visco-elastic properties and chlorhexidine 

penetration and results and conclusions compared with those 

obtained for in vitro formed oral biofilms. Chlorhexidine is known to 

be the most effective oral antimicrobial to date (6) and surprisingly, 

despite its extensive use, inherent bacterial resistance against 

chlorhexidine has hardly or never been reported as compared to 

antibiotic resistance of many bacterial pathogens. This makes 

chlorhexidine an ideal antimicrobial to separate a possible inherent 

tolerance of biofilm bacteria for the antimicrobial from the physical 

protection offered by the biofilm mode of growth and study its 

penetration through a biofilm. 

RESULTS 

Biofilms of coccal-shaped S. oralis J22 and rod-shaped A. naeslundii 

T14V-J1 grown in the PPFC reached a thickness of 131 ± 15 μm and 

109 ± 26 μm, respectively (Table 1). The biofilm thickness in the 

CDFF for S. oralis J22 was 119 ± 6 μm and 125 ± 9 μm for A. 

naeslundii T14V-J1. There were no significant differences (p > 0.05, 

Student t-test) in thickness between biofilms grown under flow and in 

the CDFF. Also differences in biofilms thickness across strains were 

not statistically significant (p > 0.05, Student t-test).  
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The penetration of chlorhexidine in biofilms grown in the PPFC 

was significantly different (p < 0.05, Mann-Whitney Rank Sum test) 

for S. oralis J22 and A. naeslundii T14V-J1, and the penetration ratio 

amounted 0.33 ± 0.09 and 0.56 ± 0.08, respectively (see also Table 

1 and Fig. 1). On the other hand, there were no significant strain-

dependent differences in penetration of chlorhexidine into biofilms 

grown in the CDFF, showing penetration ratios of 0.48 ± 0.04 and 

0.39 ± 0.06 in biofilms of S. oralis J22 and A. naeslundii T14V-J1, 

respectively (p > 0.05, Mann-Whitney Rank Sum test). Interestingly, 

whereas biofilms offered a clear physical protection against 

chlorhexidine, bacteria dispersed from biofilms grown either in the 

PPFC or in the CDFF were highly susceptible to chlorhexidine (Fig. 

2), confirming that the absence of bacterial killing in the deeper 

layers of the biofilms are not due to changes in inherent properties of 

the bacteria in their biofilm mode of growth, but solely to difficulties 

encountered by the antimicrobial in penetrating to the deeper layers. 

Note that a similar conclusion has been drawn for three days old in 

vivo grown oral biofilms, after dispersal and exposure to 

chlorhexidine (28).     

Total stress relaxation (Fig. 3A) of biofilms grown in the PPFC 

were different for both strains and S. oralis J22 biofilms showed 

significantly (p < 0.05, Mann-Whitney Rank Sum test) more stress 

relaxation than biofilms of A. naeslundii T14V-J1, especially after 

10% and 20% induced deformation (Table 1). There were no 

significant differences (p > 0.05, Mann-Whitney Rank Sum test) in 

stress relaxation between biofilms of the coccal and rod-shaped 

organisms when grown in the CDFF. Interestingly, the penetration 
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Figure 1. Chlorhexidine penetration into in vitro and in vivo biofilms and calculation 

of the penetration ratio. (I) Representative CLSM-images (cross sectional view) of 
the penetration of chlorhexidine (0.2 wt%) during 30 s into oral biofilms grown in vitro 
and in vivo (exposure to chlorhexidine was done in vitro). (A) S. oralis J22 biofilm 
grown under flow in a PPFC. (B) S. oralis J22 biofilm grown under compaction in a 
CDFF. (C) A. naeslundii T14V-J1 biofilm grown under flow in a PPFC. (D) A. 
naeslundii T14V-J1 biofilm grown under compaction in a CDFF. (E and F) two weeks 
old, in vivo formed oral biofilm. Scale bar represents 75 μm. (II) Red to green 
intensity ratio (R/G), denoting the ratio of dead to live organisms in a biofilm versus 
the thickness of the biofilm. a is the dead band thickness and b is the total biofilm 
thickness. R/G = 1.5 was taken as the cut-off for the thickness of the dead band. 
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Figure 2. Tolerance and intolerance of biofilm organisms to chlorhexidine prior to 
and after their dispersal. Fluorescence images of dispersed S. oralis J22 and A. 
naeslundii T14V-J1, treated with chlorhexidine for 30 s in their biofilm mode of 
growth prior to dispersal and treated immediately after dispersal.  Live (green)–dead 
(red) staining was used to show the viability of bacteria. (A) S. oralis J22 grown in 
the PPFC and treated in its biofilm mode of growth. (B) S. oralis J22 grown in the 
PPFC and treated in its dispersed state. (C) A. naeslundii T14V-J1 grown in the 
CDFF and treated in its biofilm mode of growth. (D) A. naeslundii T14V-J1 grown in 

the CDFF and treated in its dispersed state. Scale bar represents 10 μm. 
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Figure 3. Measurement and Maxwell model of the viscoelasticity of biofilms. (A) 

Stress versus time diagram for relaxation of a compressed biofilm. (B) Schematic of 
a three element Maxwell model: Ei represent the spring constants and  i the 

relaxation time constants, which are equal to ηi/Ei.   

 

ratio of chlorhexidine decreased with increasing stress relaxation of 

the biofilms, regardless of the induced deformation (Fig. 4).  
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Figure 4. Penetration of chlorhexidine and stress relaxation of differently grown 
biofilms in vitro. (A) The schematics of parallel plate flow chamber and constant 
depth film fermenter. (B) Penetration ratio of chlorhexidine as a function of relaxation 
of different biofilms for 10%, 20% and 50% induced deformation. Dashed lines 
indicate 95% confidence intervals.  

Total stress relaxation was subsequently resolved in a fast, 

intermediate and slow component (Fig. 3B). Since bacteria in a 

biofilm constitute the heaviest masses, their re-arrangement upon an 

induced deformation will be slow, and we associate the relative 

importance of the slow Maxwell element with bacterial re-

arrangement in a biofilm. On the other hand, water has the smallest 
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viscosity in a biofilm, and therefore the fast Maxwell element is 

associated with the flow of water through a biofilm, which leaves an 

association between the behavior of EPS with the intermediate 

Maxwell element. Analysis of the stress relaxation according to a 

three element Maxwell model revealed that penetration increased 

with increasing relative importance of the slow relaxation component 

and decreasing importance of the fast component (Fig. 5). This 

confirms the existence of a relaxation-structure-composition relation 

that may facilitate a quantitative approach towards antimicrobial 

penetration in biofilms. 

In order to confirm that a relaxation-structure-composition relation 

facilitates understanding of antimicrobial penetration also for in vivo 

grown biofilms, we first developed an intra-oral biofilm collection 

device (Fig. 6). The average thickness of the oral biofilms formed in 

vivo over a time period of two weeks was 121 ± 86 μm, comparable 

to the thickness of in vitro biofilms (p > 0.05, Mann-Whitney Rank 

Sum test), as can be seen in Table 1.  

Total stress relaxation of in vivo biofilms upon 10% and 20% 

deformation were more comparable to the stress relaxation observed 

for in vitro biofilms grown in the PPFC than in the CDFF, as averaged 

over both bacterial strains (Table 1). On the other hand, upon 

inducing a deformation of 50%, stress relaxation of in vivo biofilms 

became more comparable to the one of in vitro biofilms grown in the 

CDFF. On average, in vitro biofilms showed higher total stress 

relaxation than in vivo formed biofilms, although this difference was 

only significant (p < 0.05, Student t-test) for 10% and 20% induced 

deformations (Fig. 7). 
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Figure 5. Chlorhexidine penetration and Maxwell analyses of in vitro grown biofilms. 

Penetration ratio as a function of the relative importance of the three Maxwell 
elements E1, E2 and E3, denoting the fast, intermediate and slow relaxation 
components, respectively for different biofilms after 10%, 20% and 50% induced 
deformation. All data points refer to single experiments, while symbols are explained 
in Fig. 4. Dashed lines represent 95% confidence intervals.   
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Figure 6. Intra-oral biofilm collection device. (A) The stainless steel base and cover 

plate of the device. (B) The base of the intra-oral biofilm collection device fixed to the 
center of the buccal surface of a maxillary first molar. (C) Side view of the intra-oral 
biofilm collection device, showing the open spacing in which undisturbed biofilm 
growth to the cover plate occurred. (D) Top view of the closed intra-oral biofilm 
collection device in situ, showing the hole in the cover plate used for its removal with 
a dental explorer. 
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Figure 7. Stress relaxation properties of intra-orally grown oral biofilms. The in vivo 

biofilms were obtained in five volunteers as indicated by different colors in 
comparison with the average relaxation properties of different single-species biofilms 
formed in a PPFC and CDFF, falling within the black rectangles. 

 

In vivo formed biofilms furthermore distinguished themselves 

significantly from in vitro averages by a smaller importance of the fast 

component (E1) and larger importance of the slow component (E3) (p 

< 0.05, Student t-test; Table 1) for induced deformations of 10% and 

20%. At 50% induced deformation however, differences in the 

importance of the different relaxation parameters had disappeared 

(see also Fig. 7). The importance of the intermediate component (E2) 

was relatively similar across the different biofilms (Table 1). 
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The chlorhexidine penetration ratio for in vivo formed biofilms was 

smaller than the average penetration into in vitro biofilms (p < 0.05, 

Student t-test; Table 1). Similarly as observed for in vitro biofilms, 

penetration decreased with increasing importance of the fast (E1) 

component and increased with the importance of the slow 

component (E3) (Fig. 8). No relation was observed with the 

importance of the intermediate component (E2), as was also lacking 

for in vitro biofilms.  

 

Figure 8. Chlorhexidine penetration and Maxwell analyses of intra-orally grown 

biofilms. Penetration ratio of chlorhexidine as a function of the relative importance of 
the fast, intermediate and slow Maxwell elements E1, E2 and E3 for in vivo biofilms 
formed in different volunteers after 10%, 20% and 50% induced deformation. All data 
points refer to single experiments in one volunteer. Different volunteers are indicated 
by the same color codes as used in Fig. 7. Dashed lines represent 95% confidence 
intervals. 
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DISCUSSION 

The recalcitrance of oral biofilm toward penetration of antimicrobials 

is known ever since Van Leeuwenhoek wrote in the 17th century that 

“the vinegar with which I washed my teeth killed only those animals 

which were on the outside of the scurf, but did not pass through the 

whole substance of it”. Over recent years, the limited penetration of 

antimicrobials into a biofilm has been attributed to reduced solute 

diffusion in water, the presence of bacterial cells, EPS, abiotic 

particles or gas bubbles trapped in a biofilm (25). Interestingly, 

whereas the influence of the chemistry and biology of biofilms on 

diffusion have been amply described and reviewed (16,25,26), 

antimicrobial penetration has never been related with quantifiable, 

physical properties of a biofilm. This study demonstrates for the first 

time since Van Leeuwenhoek his observation of the poor penetration 

of vinegar into an oral biofilm, that through a relaxation-structure-

composition relation, biofilm properties can be derived that facilitate 

explanation of antimicrobial penetration into a biofilm on basis of 

quantitative biofilm properties. Incidentally, not only antimicrobials 

have difficulty penetrating a biofilm, but also nutrients may have 

difficulty penetrating a biofilm, causing reduced viability of organisms 

residing in deeper layers of biofilms (24).  

The bacteria in a biofilm constitute the heaviest masses, and their 

re-arrangement during stress relaxation upon an induced 

deformation will thus be slow, which associates the relative 

importance of the slow Maxwell element with bacterial re-

arrangement. Furthermore, the positive correlation between 

penetration and the importance of the slow Maxwell element confirms 
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that organisms arranged in a more open, water-filled structure, allow 

easier penetration of antimicrobials. Different from the role of water-

filled channels in diffusion (25), we found that water itself had a 

negative influence on the efficacy of antimicrobials during 

penetration. Since water has the smallest viscosity in a biofilm, the 

fast Maxwell element may be associated with the outflow of water 

through and its presence in biofilms. Consequently, dilution of 

antimicrobials after penetration into a biofilm to an ineffective 

concentration in deeper layers is evidenced by the negative 

correlation between the relative importance of the fastest Maxwell 

element and the penetration ratio. At this point, it must be 

emphasized that in our study chlorhexidine might have penetrated 

beyond the dead bands, as visible in Fig. 1, but clearly to a 

concentration insufficient to yield bacterial killing. Arguably, this 

raises the issue that penetration not only depends on possible 

physical difficulties of an antimicrobial in penetrating a biofilm, but 

moreover on the time allowed for penetration and antimicrobial 

concentration. In many clinical situations however, time and 

concentration cannot be increased at will. In the oral case highlighted 

here, the time most people allow themselves for an antimicrobial 

mouthrinse to be active in the oral cavity is 30 s utmost, while 

concentrations of chlorhexidine higher than 0.12 wt% rapidly cause 

severe soft tissue damage and discolorations of teeth (13). 

Equilibration of a biofilm with an antimicrobial as can be achieved in 

vitro is thus often impossible for the in vivo situation. Clearly, similar 

types of limitations with respect to time and/or concentration exist 

everywhere in the human body where antimicrobials are applied to 
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combat biofilm-related infections, emphasizing the importance of 

good penetration in biofilm control through the use of antimicrobials.   

The importance of a relaxation-structure-composition relation for 

biofilms and its role in understanding antimicrobial penetration was 

established both for in vivo grown biofilms as well as in two distinctly 

different model systems to grow biofilms in vitro. In the CDFF, there 

is a constant turn-over of bacterial growth, death and biofilm removal 

by the scraper blades (14) in addition to compaction by the blades. 

Whereas similar turn-over, death and removal by fluid flow can be 

expected in a PPFC, compaction is absent in a PPFC. In this 

respect, it is interesting that there was no difference in stress 

relaxation of biofilms formed by coccal or rod-shaped organisms in 

the CDFF, presumably because biofilms in the CDFF are 

mechanically compacted during formation (see Table 1). In the 

absence of mechanical compaction like in the PPFC, rod-shaped 

organisms have more difficulties in spontaneously forming a dense 

structure, as this requires organisms to take a favorable orientation 

with respect to one another. This becomes especially evident at the 

larger deformation induced of 50% and explains why biofilms formed 

by rod-shaped organisms in the PPFC had a different stress 

relaxation than coccal organisms, but not in the CDFF. 

The two model systems to grow biofilms used in this study 

represent two extreme situations that may occur in the oral cavity. 

Highly compacted biofilms may be expected in fissures due to 

mastication, while compaction occurs less on interproximal biofilms. 

In addition, biofilm-left-behind in interproximal spaces inaccessible to 

contact-brushing will be in a more “fluffed-up” state (3), resembling 
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biofilms grown in a PPFC. Indeed, biofilms grown in our intra-oral 

biofilm collection device, inaccessible to contact toothbrushing, are 

more fluffed up than in in vitro formed biofilms (compare Figs. 1. E, F 

with Figs. 1. A-D). Accordingly, stress relaxation characteristics after 

10% and 20% deformation of biofilms formed in the PPFC more 

closely resemble those of in vivo formed biofilms than biofilms 

formed in the CDFF. This is especially so for 10% and 20% induced 

deformations, yielding information on the relaxation-structure-

composition of the outermost surface of the biofilms, opposite to data 

derived upon inducing 50% deformation that invokes the deeper 

layers of the biofilms. This being true for the images selected, it must 

be realized that it is difficult if not impossible by human nature to 

obtain confocal laser scanning microscopic (CLSM) images of 

biofilms in an unbiased, observer-independent way. This is why 

conclusions on biofilm structure from quantitative, observer-

independent stress relaxation analysis of larger sections of a biofilm 

than can ever be obtained microscopically, are to be preferred. 

Interestingly, upon increasing the induced deformation to 50%, a 

better resemblance between in vivo and CDFF grown biofilms 

appears. This is probably because biofilms formed in vivo are 

compacted more than when formed in a PPFC through the presence 

of multiple strains and species that can more easily arrange 

themselves spontaneously through their differences in size and 

shape to a compact mass, even in the absence of external 

compaction or mechanical perturbations. For single-species biofilms 

grown in a CDFF, this compaction is achieved by continuously 

scraping off the biofilm by a rotating blade. Therefore it can be 

expected that oral biofilm in fissures and interproximal spaces, left 
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behind multiple times after brushing, will eventually become 

compacted and better resemble biofilms formed in the CDFF than 

oral biofilms freshly formed, for which the PPFC may be the preferred 

model system.   

The in vivo relations between relaxation characteristics and 

chlorhexidine penetration have larger 95% confidence intervals than 

the in vitro ones, partly due to the limited power of the study that was 

confined to five volunteers. More importantly however, it is 

intrinsically impossible to obtain the same narrow confidence 

intervals for in vivo biofilms as found for in vitro biofilms, that were all 

single-species. In our analyses, we employ chlorhexidine killing as an 

indicator of its penetration. In vivo formed biofilms contain a large 

number of different strains and species, that all have their own 

susceptibility to chlorhexidine not only within one volunteer, but also 

among volunteers. This inevitably affects the penetration as indicated 

by bacterial killing of chlorhexidine, making the in vivo relation less 

significant than the one obtained for in vitro biofilms. 

In summary, this study is the first to demonstrate a role of visco-

elastic properties of oral biofilm on antimicrobial penetration through 

a relaxation-structure-composition relationship. Herewith, biofilm 

visco-elasticity becomes an important quantifiable physical property 

of biofilms next to qualitative, observer-dependent CLSM-imaging of 

structure, with respect to advancing our understanding of 

antimicrobial penetration in biofilms. Although the current study was 

performed on oral biofilms, its applicability will extend to biofilms 

formed in other industrial and biomedical applications. Especially in 

the biomedical field, understanding the factors that control the 
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penetration of antibiotics into biofilms is of utmost importance, as 

difficult to treat biofilm-related infections occur across all medical 

sub-disciplines causing large patients morbidity and mortality and 

inflicting huge costs to the health care system.  

MATERIALS AND METHODS 

Bacterial strains and growth conditions. S. oralis J22 and A. 

naeslundii T14V-J1 grown on blood agar plates, were used to 

inoculate 10 ml modified Brain Heart Infusion broth (BHI, Oxoid Ltd., 

Basingstoke, UK) (37.0 g l-1 BHI, 5.0 g l-1 yeast extract, 0.4 g l-1 

NaOH, 1.0 g l-1 hemin, 0.04 g l-1 vitamin K1, 0.5 g l-1 L-cysteine, pH 

7.3) and were cultured for 24 h at 37°C in ambient air for S. oralis 

J22 and anaerobically for A. naeslundii T14V-J1. These cultures 

were used to inoculate 200 ml modified BHI and grown for 16 h. 

Bacteria were harvested by centrifugation at 870 g, 10°C for 5 min 

and washed twice in sterile adhesion buffer (50 mM potassium 

chloride, 2 mM potassium phosphate, 1 mM calcium chloride, pH 

6.8). The bacterial pellet was suspended in 10 ml adhesion buffer 

and sonicated intermittently in an ice-water bath for 3 × 10 s at 30 W 

(Vibra cell model 375, Sonics and Materials Inc., Newtown, CT, USA) 

to break bacterial chains and clusters, after which bacteria were 

resuspended in adhesion buffer. A concentration of 3 × 108 bacteria 

ml-1 was used for PPFC experiments, while a concentration of 9 × 

108 bacteria/ml was used in CDFF experiments. 

Biofilm formation in a PPFC and CDFF. Biofilms were grown on 

glass slides (water contact angle 7 ± 3 degrees) and hydroxyapatite 

discs (water contact angle 34 ± 8 degrees) in a PPFC and a CDFF, 
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respectively after adsorption of a salivary conditioning film from 

reconstituted human whole saliva for 14 h at 4°C under static 

conditions. Reconstituted human whole saliva was obtained 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®, pooled, centrifuged, dialyzed, and lyophilized for 

storage. Prior to lyophilization, phenylmethylsulfonylfluoride 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 adhesion buffer (1.5 g l-1). All volunteers gave their 

informed consent to saliva donation, in agreement with the guidelines 

set out by the Medical Ethical Committee at the University Medical 

Center Groningen, Groningen, The Netherlands (letter 06-02-2009). 

Written consent was not required since saliva collection was entirely 

non-invasive, saliva’s were pooled prior to use and the study was not 

aimed towards measuring properties of the saliva. Rather saliva was 

used to lay down an adsorbed protein film prior to biofilm formation 

studies. 

For biofilm formation in the PPFC, 200 ml bacterial suspension 

was circulated at a shear rate of 15 s-1 in a sterilized PPFC till a 

bacterial surface coverage of 2 × 106 cm-2 was achieved on a saliva-

coated glass bottom plate (for details see (18)). Subsequently, 

adhesion buffer was flowed at the same shear rate of 15 s-1 for 30 

min in order to remove non-adhering bacteria from the tubes and flow 

chamber. Next, growth medium (20% modified BHI and 80% 

adhesion buffer) was perfused through the system at 37°C for 48 h, 

also at a shear rate of 15 s-1.  
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Biofilms were grown in a sterile CDFF (for details see (14)) on 

saliva coated hydroxyapatite discs by introducing 200 ml bacterial 

suspension in the fermenter during 1 h, while the table with the 

sample holders was rotating at 1 rpm. Then, rotation was stopped for 

30 min to allow bacteria to adhere before growth medium was 

introduced and rotation resumed. The biofilm was grown for 96 h at 

37°C under continuous supply of a mixture of adhesion buffer and 

modified BHI at a rate of 80 ml h-1. The system was equipped with 15 

sample holders and each sample holder contained 5 saliva coated 

hydroxyapatite discs, recessed to a depth of 100 µm. 

Oral biofilm collection in vivo. The intra-oral biofilm collection 

device (Fig. 6) was made of medical grade stainless steel 316, and 

was composed of two parts: a base (5 × 3 × 2 mm) that is fixed to the 

center of the buccal surface of the upper first molars and a 

replaceable cover plate (4 × 3 × 0.2 mm). Biofilms formed on the 

inner side of the replaceable cover plate in the absence of 

mechanical perturbations, were considered for this study.  

Five volunteers (aged 26 to 29 years) were included in this study. 

Volunteers all had a complete dentition with maximally one 

restoration, no bleeding upon probing and were not using any 

medication. Each volunteer was assigned a random number between 

1 and 5 used for later data processing. The study was performed 

according to the guidelines of the Medical Ethics Committee of the 

University Medical Center Groningen, Groningen, The Netherlands 

(letter 28-9-2011), including the written informed consent by the 

volunteers and the tenets of the Declaration of Helsinki. 
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A base device was fixed to buccal surfaces of the upper first 

molars of the volunteers (see also Fig. 6) after mild etching of the 

tooth surface using light cure adhesive paste (Transbond™ XT, 3M 

Unitek, USA), a procedure similar to the one used for the bonding of 

orthodontic brackets. Prior to bonding, the base and cover plate of 

the device were brushed using a rubber cup and cleaner paste 

(Zircate® Prophy Paste, Densply, Caulk, USA) at low speed (less 

than 2,500 rpm/min) and autoclaved. Subsequently, the base surface 

was coated with a thin layer of primer and bonding agent (CLEARFIL 

SE BOND, Kurary Medical Inc., Japan). The stainless steel cover 

plate was inserted using a pair of tweezers and kept in place using 

Light Cure Adhesive Paste (Transbond™ XT, 3M Unitek, USA). 

Volunteers were asked to wear the device for a total of eight weeks 

during which they were requested to perform manual brushing with a 

standard fluoridated toothpaste (Prodent Softmint®, Sara Lee 

Household & Bodycare, Exton, USA) according to their habitual oral 

hygiene but to refrain from the use of an additional mouthrinse. 

The cover plates could be removed with a dental explorer, after 

which cover plates with biofilm were placed in a moisturized petri 

dish for transport from the dental clinic to the laboratory. In a 

separate pilot study, it was established that two weeks of intra-oral 

biofilm formation in the device yielded biofilm thicknesses that were 

similar to the ones obtained in vitro. Therewith, in vivo biofilms could 

be collected four times from each volunteer. After each experiment, 

cover plates were sanded to remove biofilm and other residuals, prior 

to autoclaving.  
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After the experiments, the base of the device was removed from 

the tooth surface with a debracketing plier and residual adhesive was 

grinded off the tooth surface with a low speed hand piece. A base 

device was only used once in each volunteer. The tooth surface was 

polished and cleaned with rubber cup and cleaner paste. No signs of 

gingival inflammation were observed in any volunteer after removal 

of the base device. 

Low load compression testing. The thickness and stress relaxation 

of the biofilms were measured with a low load compression tester, 

described before (18). Stress relaxation was monitored after inducing 

10, 20, and 50% deformation of the biofilms within 1 s and held 

constant for 100 s, while monitoring the stress relaxation (see Fig. 

3A). Each deformation was induced three times at different locations 

on the same biofilm. 

Stress relaxation as a function of time was analyzed using a 

generalized Maxwell model containing three elements (see Fig. 3B) 

according to 

 

             (Eq. 1) 

in which E(t) is the total stress exerted by the biofilm divided by the 

strain imposed, expressed as the sum of three Maxwell elements 

with a spring constant Ei, and characteristic decay time,  i (see also 

Fig. 3B). For calculating E(t), deformation was expressed in terms of 

strain, ε, according to the large strain model using  
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 )1ln(
h

h
           (Eq. 2) 

where Δh is the decrease in height and h is the un-deformed height 

of the biofilm. The model fitting for Ei and  i values of the three 

elements was done by minimizing the chi-squared value using the 

Solver tool in Microsoft Excel 2010. Fitting to three Maxwell elements 

yielded the lowest chi-squared values and increasing the number of 

Maxwell elements only yielded minor decreases in chi-squared 

values of less than 3%. The elements derived were rather arbitrarily 

named fast, intermediate or slow based on their   values, i.e.  1 < 5 

s,  5 s <  2 <  100 s and  3 > 100 s, respectively (see also Fig. 3B). 

Relative importance of each element, based on the value of its spring 

constant Ei, was expressed as the percentage of its spring constant 

to the sum of all elements’ spring constants at t = 0. 

Penetration of chlorhexidine into biofilms. In vitro and in vivo 

formed biofilms were all exposed in vitro to a 0.2 wt% chlorhexidine-

containing mouthrinse (Corsodyl®, SmithKline Beecham Consumer 

Brands B.V., Rijswijk, The Netherlands) for 30 s and subsequently 

immersed in adhesion buffer for 5 min. After exposure to 

chlorhexidine, biofilms were stained for 30 min with live/dead stain 

(BacLight™, Invitrogen, Breda, The Netherlands) and CLSM (Leica 

TCS-SP2, Leica Microsystems Heidelberg GmbH, Heidelberg, 

Germany) was used to record a stack of images of the biofilms with a 

40× water objective lens. Images were analyzed with Leica confocal 

software to visualize live and dead bacteria in the biofilms. The ratio 

of the intensity of red (dead bacteria) to green (live bacteria), R/G, 
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was plotted versus the biofilm thickness (see Fig. 1). The biofilm 

thickness where the ratio R/G became less than 1.5 was taken as the 

thickness of the dead band. Next, a penetration ratio was calculated 

according to 

 

                                    (Eq. 3) 

Penetration ratios were calculated for three different, randomly 

chosen locations on the biofilms and presented as averaged over the 

different locations. 

Statistical analysis. Statistical analysis was performed with 

SigmaPlot software (version 11.0, systat software, Inc., California, 

USA). Differences in biofilm thickness and visco-elasticity were 

evaluated after testing for normal distribution and equal variance of 

the data. If data failed one of these tests, a Mann-Whitney Rank Sum 

test was used to determine statistical significance; otherwise, a 

Student t-test was applied. Pearson Product Moment Correlation test 

was used to disclose relations between the penetration of 

chlorhexidine into and the relaxation of biofilms. 

 

  

thickness biofilm total

thickness band dead
= ratio nPenetratio
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ABSTRACT 

Bacterial biofilms relieve themselves from external stresses through 

internal re-arrangement, which have been mathematically modeled in 

many studies, but never microscopically visualized for their 

underlying microbiological processes. Here, we apply a uniaxial 20% 

deformation to Pseudomonas aeruginosa biofilms and fixate 

deformed biofilms after allowing different periods of time for 

relaxation. Two P. aeruginosa mutant strains with different abilities to 

produce extracellular-polymeric-substances were involved in this 

study. The re-arrangement of extracellular-polymeric-substances and 

bacteria in deformed biofilms was visualized using confocal-laser-

scanning-microscopy. Extracellular-polymeric-substances and 

bacteria showed distinct re-arrangements in time that differed 

between the mutant and its parent strain. This is the first visual 

confirmation of mathematical modeling of stress relaxation in 

biofilms, and points to a clear role of extracellular-polymeric-

substances in their visco-elastic response.  
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INTRODUCTION 

The protection offered by biofilms to inhabiting organisms against 

chemical and mechanical stresses is due in part to its unique matrix 

of extracellular-polymeric-substances (EPS) in which organisms 

embed themselves (5). Mechanical stresses lead to deformation and 

detachment of biofilm organisms and hence visco-elastic re-

arrangement processes occur in a biofilm to relieve itself from these 

stresses (2). Environmental biofilms exposed to increased shear 

stress for instance, re-arrange into so-called streamers (15), i.e. 

extended portions of biofilm that can recoil when shear stresses 

return to normal levels. Also oral biofilms possess visco-elastic 

properties that allow them to better withstand mechanical stresses 

exerted by daily toothbrushing (1). 

The re-arrangement processes occurring in biofilms under 

mechanical stress yield visco-elastic stress relaxation that can be 

analyzed using a Maxwell-model. Maxwell model analysis allows 

mathematical determination of characteristic relaxation time 

constants of the different relaxation processes occurring in a biofilm 

(14). Hitherto however, Maxwell-model analysis has only yielded 

mathematical descriptions of stress relaxation, but has not provided a 

more microbiologically-relevant description of internal re-

arrangement processes in a biofilm (10,13,17). In general, three 

Maxwell elements suffice to mathematically describe stress 

relaxation of biofilms, and fastest Maxwell relaxation elements have 

been intuitively suggested to be due to the flow of water in 

mechanically stressed biofilms, as water has the smallest viscosity of 

all biofilm components (2,12). Since organisms themselves represent 
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the heaviest masses in a biofilm, their re-arrangement can be 

expected to coincide with the slowest Maxwell relaxation element. 

The array of stress relaxation elements with intermediate 

characteristic time constants ranging from 5 to 100 s, has been 

intuitively associated with re-arrangement of the EPS matrix (12). 

The aim of this study was to visualize the internal re-arrangement 

processes occurring in a mechanically deformed biofilm using 

confocal-laser-scanning-microscopy after propidium-iodide and 

calcofluor-white staining to visualize bacteria and EPS matrix, 

respectively. To this end, biofilms were grown with two 

Pseudomonas aeruginosa mutant strains with different abilities to 

produce EPS (6,16).  

RESULTS AND DISCUSSION 

Undeformed biofilms of EPS-producing P. aeruginosa SG81 

demonstrate a fluorescence intensity distribution due to bacteria and 

EPS with maxima appearing at a depth of approximately 60 μm from 

the top of the biofilm (see Figure 1a). These maxima indicate 

elevated densities of bacteria and EPS at a certain distance from the 

top of the biofilm, without implying their absence at other depths 

made less visible through the Confocal laser scanning microscopy 

(CLSM) settings used (see Table 1) in order to visualize the elevated 

densities of EPS and bacteria. Immediately upon deformation (0 s 

relaxation), the centers of these intensity distributions appear at 

virtually the same depth as in undeformed biofilms (Figure 1b).  
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Figure 1. Distribution of EPS and bacteria in P. aeruginosa SG81 and P. aeruginosa 

SG81-R1 biofilms prior to mechanical deformation and after different stress 
relaxation times. Examples of the fluorescence intensity of propidium-iodine (RED) 
and calcofluor-white (BLUE) prior to deformation plotted as a percentage of the 
maximum intensity observed versus biofilm depth from its top (left panels), together 
with the positions of the centers of the intensity distributions as a function of the 
stress relaxation time (right panels). The positions of the distribution centers are 
presented as means of 12 images, taken equally divided over two separately grown 
biofilms, with error bars indicating the SD.  
(a) and (b): P. aeruginosa SG81  
(c) and (d): P. aeruginosa SG81-R1 

(note that absolute intensities for EPS are very small for this strain). 

 

However, since the thickness of the biofilm has been decreased due 

to the applied stress, there is no equilibrium and EPS and bacteria 

rapidly try to find new equilibrium positions in order to relieve the 

biofilm from the applied stress. Bacteria move away from the top of 

the biofilm to deeper layers in a linear fashion and even after 100 s of 

stress relaxation, have not found a new equilibrium position. EPS on 

the other hand, shows an exponential move toward deeper layers 
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and finds its new equilibrium position within 50 s. This demonstrates 

that re-arrangement of EPS in stress relaxation due to deformation 

proceeds on a faster time scale than re-arrangement of bacteria. This 

is in line with Maxwell-model analysis of stress relaxation processes 

in biofilms, showing that mathematically stress relaxation of biofilms 

can be described by three relaxation elements with different 

characteristic time constants of which the intermediate (5–100 s) one 

has been associated with flow of EPS and the slowest (>100 s) one 

with bacterial re-arrangement (7). The direct visualization of the 

microbiological processes underlying these two re-arrangements 

confirms the validity of the above intuitive association.  

P. aeruginosa SG81-R1 produces hardly any EPS as compared 

with its parent strain P. aeruginosa SG81 (6,16), which is evidenced 

by the ratio of maximum fluorescence intensity of calcofluor-white 

over propidium-iodide, that is five-fold lower for P. aeruginosa SG81-

R1 (0.11) than for P. aeruginosa SG81 (0.50). Both fluorescence 

distributions of bacteria and EPS for P. aeruginosa SG81-R1 fully 

coincide both before (Figure 1c) and after stress relaxation (Figure 

1d), indicating that the small amount of EPS produced by this strain 

remains attached to the bacteria. The absence of a significant 

amount of EPS has a strong impact on the re-arrangement 

processes, as neither the centers of the intensity distributions for 

bacteria nor for EPS have moved to different depths within the 100 s 

time-span of the experiments. This suggests by comparison of the re-

arrangement processes in P. aeruginosa SG81-R1 and P. 

aeruginosa SG81 biofilms, that EPS is required to stimulate bacterial 

movement in mechanically deformed biofilms. The mere presence of 

water as in P. aeruginosa SG81-R1 biofilms, may not be sufficient to 
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induce bacterial movement as it is much more loosely associated 

with the bacteria than EPS (4,5). Moreover, also the visco-elasticity 

of water is less than of EPS (3,8). Movement of EPS may thus be 

expected to drag bacteria along, with a certain time delay, as 

observed for EPS-producing P. aeruginosa SG81 but not for its 

mutant P. aeruginosa SG81-R1 within the time-scale of our 

experiments (Figures 1b and d).  

This is the first study to visualize stress relaxation processes in P. 

aeruginosa biofilms due to re-arrangement of EPS and bacteria in 

deformed biofilms in a direct, microbiologically relevant way. The 

method utilized in this study is crude, to adapt for limitations of stain 

and laser penetration in CLSM (11) as well as for fixation capabilities 

of paraformaldehyde. Nevertheless, significant differences have been 

revealed between re-arrangement processes for EPS producing P. 

aeruginosa SG81 and its mutant strain P. aeruginosa SG81-R1. The 

re-arrangement processes visualized for P. aeruginosa SG81 

proceed on a time-scale coinciding with mathematical analysis of 

stress relaxation processes in biofilms (7). Therewith this study 

provides a basis for more detailed structure-composition analysis of 

biofilms based on Maxwell-model analysis of stress relaxation. 

MATERIALS AND METHODS 

Two strains with different ability to produce EPS were selected for 

this study: P. aeruginosa SG81 and its mutant strain P. aeruginosa 

SG81-R1, largely deficient in EPS production (6,16). Bacteria were 

cultured in 10 ml nutrient broth (37°C, 17 h) and sonicated (10 W, 10 

s, 0°C) to disrupt possible aggregates. Bacteria (1 × 108), suspended 
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in demineralized water, were deposited on a membrane filter (0.4 µm 

pore size, diameter 4.6 cm) under negative pressure and washed 

with 50 ml demineralized water. Subsequently, the filter was moved 

onto nutrient agar plates and incubated (37°C, 48 h) to grow a 

biofilm.  

Biofilm-covered membranes were sectioned and transferred to 

glass slides. Deformation was imparted on the biofilms using a low-

load-compression-tester (9). Briefly, a stainless steel plunger 

(diameter 0.25 cm) was lowered toward a sample stage and the 

position of the stage recorded. Next, the plunger was lowered toward 

the top of the biofilm till a touch load of 0.01 g and its position 

recorded again. The difference in plunger positions determined the 

biofilm thickness. Subsequently, biofilms were imparted a 

deformation of 20% in 1 s, and deformation was held constant for 0, 

5, 10, 20, 40, 70, or 100 s. Deformed biofilms after different 

relaxation times were submerged in 3.7% (w/v) paraformaldehyde 

under continued deformation for 1500 s, after which the biofilm was 

stored overnight (17 h, 4°C) to fixate the state of the biofilms. 

Paraformaldehyde was removed and biofilms were submerged in 

propidium-iodide (1.5 μl ml-1, 18.3 mM), protected from light (20°C, 1 

h). After propidium-iodide removal, biofilms were incubated in 

calcofluor-white (20 μl ml-1, 3.8 mM) under identical conditions. After 

removal of calcofluor-white, biofilms were submerged in 50 ml sterile 

phosphate-buffered-saline (PBS, 5 mM K2HPO4, 5 mM KH2PO4, 150 

mM NaCl pH 7.0), PBS was removed and biofilms were kept 

protected from light until imaging. Biofilms were imaged while 

submerged in PBS with a CLSM (see also Table 1) to visualize the 
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position of high density regions of bacteria and EPS after different 

relaxation times. Six regions of interest underneath the plunger area 

were chosen to quantify the fluorescence intensity due to each of the 

stains as a function of depth in the biofilm. All experiments were done 

on two separately grown biofilms for each strain.  

Table 1. Confocal-laser-scanning-microscopy (Leica TCS-SP2, Leica Microsystems 

Heidelberg GmbH, Heidelberg, Germany) settings employed in this study. 
 

Setting 
Propidium iodide 

(bacteria) 
Calcofluor white (EPS) 

X-Y number of pixels 512 512 

X-Y length of scan 
field 

375 μm 375 μm 

Pinhole 127.47 μm 204.57 μm 

Zoom 1x 1x 

Visible ATOF (514 nm) 34.68% (351 nm) 100% 

Visible ATOF (543 nm) 90.67% (364 nm) 100% 

Voltage 882.7 V 998.1 V 

SP Mirror (left) 496 nm 409 nm 

SP Mirror (right) 540 nm 551 nm 

Objective HCX APO L 40.0x0.80 W HCX APO L 40.0x0.80 W 

Numerical aperture 0.8 0.8 
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ABSTRACT  

Bacteria in their biofilm mode of growth are protected against 

chemical and mechanical stresses. Biofilms are comprised for a 

major part of extracellular-polymeric-substances (EPS). The EPS-

matrix is composed of different chemical constituents, as proteins, 

polysaccharides and eDNA. Here we aim to identify the role of 

different matrix constituents on the visco-elastic response of biofilms. 

Staphylococcal, streptococcal and pseudomonas biofilms were 

grown under different conditions yielding distinct matrix chemistries. 

Next, biofilms were subjected to mechanical deformation and stress-

relaxation monitored over time. A Maxwell model, possessing an 

average of four elements for an individual biofilm, was used to fit the 

data. Maxwell elements were defined by a relaxation-time constant 

and their relative importance. Relaxation-time constants varied 

widely over the 104 biofilms included and were divided into seven 

ranges (< 1, 1 – 5, 5 – 10, 10 – 50, 50 – 100, 100 – 500 and > 500 s). 

Principal component analysis was carried out to eliminate related 

time constant ranges, yielding three principal components, that could 

be related with the known matrix chemistries. The fastest relaxation 

component (< 3 s) was due to the presence of water, combined with 

the absence of bacteria, i.e. the heaviest masses in a biofilm. An 

intermediate component (3 - 70 s) was related to EPS in general, 

while a distinguishable role was assigned to eDNA, possessing a 

unique principal component with a time constant range (10 - 25 s) 

between the one for EPS constituents. This implies that eDNA 

modulates its interaction with other matrix constituents to control its 

contribution to visco-elastic relaxation under mechanical stress. 
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IMPORTANCE 

The protection offered by biofilms to inhabiting organisms against 

chemical and mechanical stresses is due in part to its matrix of 

extracellular-polymeric-substances in which biofilm organisms embed 

themselves. Mechanical stresses lead to deformation and possible 

detachment of biofilm organisms and hence re-arrangement 

processes occur in a biofilm to relieve itself from these stresses. 

Maxwell-analysis of stress relaxation allows the determination of 

characteristic relaxation time constants, but biofilm components and 

matrix-constituents associated with different stress relaxation 

processes have never been identified. Here we grew biofilms with 

different matrix-constituents and used principal component analysis 

to reveal that the presence of water and absence of bacteria can be 

associated with the fastest relaxation process, while extracellular-

polymeric-substances control a second, slower relaxation process. 

Interestingly, eDNA as a matrix-constituent had a distinguishable role 

with its own unique principal component in stress relaxation with a 

time constant range in between the one of other extracellular-

polymeric-substances. 
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INTRODUCTION 

Bacteria adhere to virtually all natural and man-made surfaces. Once 

adhering to a surface, bacteria rapidly grow into a biofilm, in which 

they are protected against chemical and mechanical stresses. The 

protection offered by the biofilm to its inhabiting organisms against 

chemical stresses, like antibiotic challenges, has been extensively 

studied (19,27,34) and forms a huge problem in modern medicine, 

where biofilms account for 65% of all nosocomial infections in 

humans costing over US$1 billion annually to treat in the USA alone 

(3,10,27). Few studies however, have focused on how bacteria in a 

biofilm mode of growth cope with mechanical stresses. Oral biofilms 

on teeth are exposed to compressive stresses many times per day, 

especially when growing in fissures (1,6). Also, intestinal biofilms are 

exposed to compressive stresses during peristaltic bowel 

movements. Compression of a biofilm leads to a more compact 

structure, which is undesirable from the perspective of nutrient 

penetration to deeper layers of a biofilm (36). In addition to 

compressive stresses, biofilms are subjected to tensile stresses. 

Tensile stresses develop on oral biofilms during tooth brushing, and 

may eventually lead to detachment of biofilm organisms (8) and their 

subsequent death in the gastro-intestinal tract. Also, tensile stresses 

on intestinal biofilms due to friction forces arising from stool passage 

can cause detachment of biofilm organisms and their removal from 

their natural environment. Similar examples hold for other biofilms in 

the human body, as well as for biofilms in many natural and industrial 

environments (38). 
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The EPS (extracellular polymeric substance) matrix in which 

biofilm organisms embed themselves, plays an important role in 

providing protection against chemical and mechanical stresses, 

required for their survival (7). EPS consists, amongst others, of 

different proteins, polysaccharides, and extracellular DNA (eDNA). 

Each constituent of the matrix has specific functions for overall 

biofilm health, including bacterial adhesion and cohesion, retention of 

water, formation of a protective barrier against chemical challenges, 

sorption of ions and compounds, and exportation of cell components 

(15). Different bacterial species have their own specific needs and 

will thus require various proportions of matrix constituents in order to 

optimize their normal functioning. Pseudomonas aeruginosa biofilms 

contain copious amounts of eDNA (2) and extracellular 

polysaccharides, including highly hydrated alginates (11, 31). Both 

Staphylococcus aureus and Staphylococcus epidermidis boast 

extracellular proteins in their matrix (20, 22). Interestingly, only S. 

aureus could be prevented from forming biofilms in the presence of 

DNase I (23), suggesting S. aureus, but not S. epidermidis contains 

eDNA as an essential constituent of its matrix. Streptococcus mutans 

employs extracellular glucans in the presence of sucrose to build its 

protective matrix (14,24). 

The chemical diversity and adaptability of the EPS matrix 

amongst different bacterial strains are important means through 

which a biofilm can protect itself against chemical challenges and 

mechanical stresses. Protection offered by the EPS matrix against 

chemical challenges has been well documented to result from 

reduced penetration through and adsorption of antimicrobials to 

matrix constituents (16,27,37,39). Biofilms are both viscous and 
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elastic in nature, enabling bacteria in their biofilm mode of growth to 

survive mechanical stresses (9,35), but it is unknown how the 

different biofilm components and matrix constituents contribute to the 

visco-elastic response of biofilms to mechanical stresses (17). One 

way to analyze the visco-elastic response of biofilms to mechanical 

stress is through stress relaxation measurements. Stress relaxation 

measurements indicate how a biofilm relieves itself from external 

stresses and using Maxwell analyses (9), the different relaxation 

processes occurring in a biofilm under mechanical stress can be 

mathematically modeled. Maxwell analyses yield a spring constant 

and a characteristic time constant for each of the relaxation 

processes occurring, but interpretation has seldom gone beyond their 

mathematical background. Tentative interpretations have attributed 

the fastest relaxation element to the flow of water in mechanically 

stressed biofilms, as water has the smallest viscosity of all biofilm 

components. On the other hand, the organisms themselves 

represent the heaviest masses in a biofilm and their re-arrangement 

can thus be expected to coincide with the slowest stress relaxation 

element. This leaves a wide array of stress relaxation elements with 

intermediate characteristic time constants that have been attributed 

to flow of EPS. However, intuition has been the only underlying 

argument for these associations, while, the role of the different 

constituents of the EPS matrix in stress relaxation has remained 

obscure.  

Here we have measured compressive stress relaxation of 

biofilms from different genera (see Table 1) and used a generalized 

Maxwell model with the aim to relate different biofilm components 

and matrix constituents to the different stress relaxation elements 
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obtained, with a focus on the constituents of the EPS matrix. Biofilms 

were grown in which specific EPS constituents, like polysaccharides, 

glucans or eDNA were present, naturally absent or chemically altered 

(see also Table 1). The total range of characteristic relaxation time 

constants observed over 100 different biofilms was divided in seven 

time constant ranges and subjected to a principal component 

analysis, yielding three new, principal components that were 

subsequently related with the known matrix chemistries of the 

biofilms. A highly distinguishable role was assigned to eDNA as a 

matrix constituent, possessing its own unique principal component 

with a time constant range in between the one for EPS constituents. 

This implies that eDNA, when present, may interact with other EPS 

constituents to form agglomerates with a unique response to 

mechanical stresses imposed upon a biofilm.  

RESULTS 

Staphylococcal, streptococcal and pseudomonas biofilms (see Table 

1) were grown on filters, placed on agar plates and subjected to 

chemical treatments to yield distinct EPS matrix chemistries. DNase I 

treatment was applied to breakdown the eDNA and N-acetyl-L-

cysteine was used to breakdown polysaccharides in the EPS matrix 

of P. aeruginosa. S. mutans biofilms were grown with extra sucrose 

in the growth medium to create a glucan-rich EPS matrix.  
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Table 1. Matrix chemistries resulting from different biofilm treatments according to 

literature, including the bacterial strains and growth mediums involved in this study.  

Treatment 
 and Matrix chemistry† 

Bacterial strain 
Growth 

medium* 
Reference 

No treatment 
Naturally occurring EPS 

P. aeruginosa SG81 Nutrient Broth (15) 

No treatment 
No naturally occurring EPS 

P. aeruginosa SG81-
R1 

Nutrient Broth (18) 

MgCl2 
Naturally occurring EPS 

P. aeruginosa SG81 Nutrient Broth (2, 31) 

DNase I with MgCl2 
EPS with less eDNA 

P. aeruginosa SG81 Nutrient Broth (23) 

Phosphate buffered saline  
Naturally occurring EPS 

P. aeruginosa SG81 Nutrient Broth (2, 31) 

N-acetyl-L-cysteine 
EPS with less 

polysaccharides 
P. aeruginosa SG81 Nutrient Broth (28) 

3.0% sucrose added to agar 
Glucan-rich EPS matrix 

S. mutans ATCC 
25175 

Typticase Soy 
Broth 

(14, 24) 

1.8% sucrose added to agar 
Glucan-rich EPS matrix 

S. mutans ATCC 
25175 

Typticase Soy 
Broth 

(14, 24) 

0.6% sucrose added to agar 
Naturally occurring EPS 

S. mutans ATCC 
25175 

Typticase Soy 
Broth 

(26) 

No treatment 
Naturally occurring EPS 

S. mutans ATCC 
25175 

Typticase Soy 
Broth 

(26) 

No treatment 
Naturally occurring EPS 

S. aureus ATCC 12600 
Typticase Soy 

Broth 
(29) 

No treatment 
Without an EPS matrix 

S. aureus 5298 
Typticase Soy 

Broth 
(33) 

No treatment 
Naturally occurring EPS 

S. epidermidis HBH 45 
Typticase Soy 

Broth 
(41) 

No treatment 
Without an EPS matrix 

S. epidermidis ATCC 
12228 

Typticase Soy 
Broth 

(42) 

†Chemical treatments were applied to fully grown biofilms except for the addition of 
sucrose for S. mutans biofilms which was added to the agar growth medium.  
*Bacteria were cultured on agar plates with growth medium appropriate for the 
specific strain (containing 12 g/l agar) 
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Visco-elastic relaxation of compressed biofilms. The biofilms 

were compressed to 80% of their original thickness and held in their 

deformed state for 100 s. The stress required to keep the biofilms in 

their deformed state decreased with time due to different re-

arrangement processes in the deformed biofilm (see Fig. 1 a - c), 

including flow of EPS matrix constituents and water. The decrease in 

stress for each biofilm was modeled using a generalized Maxwell 

model with each element having a spring constant related to the 

elastic part of the biofilm and a characteristic relaxation time constant 

related to the ratio of the viscous and elastic part of the biofilm. 

Initially, one Maxwell element was used to fit to the relaxation curve, 

after which additional elements were subsequently added. Four 

Maxwell elements generally sufficed to accurately model stress 

relaxation of the biofilms, and further addition of elements did not 

improve the quality of the fits (see Fig. 1d). Biofilms containing an 

EPS matrix required more Maxwell elements (4 – 5) to describe the 

stress relaxation than biofilms without an EPS matrix (2 – 3). 

Principal component analysis. The relaxation time constants of all 

Maxwell elements of the 104 biofilms comprised in this study, taking 

replicate runs as a separate biofilm, were plotted as a function of the 

relative importance of their Maxwell elements (Fig. 2). Relaxation 

time constants spread over a wide time range and hence the total 

range of relaxation time constants observed over the 104 biofilms 

investigated was divided into seven relaxation time constant ranges 

on a semi-log basis according to < 1, 1 - 5, 5 - 10, 10 – 50, 50 – 100, 

100 – 500, and > 500 s. A principal component analysis was carried 
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Figure 1.  Panels a-c represent the measured stress relaxation of a P. aeruginosa 

SG81 biofilm as a function time, together with model fits to the data, obtained using 
two (panels a and b) and five Maxwell elements (panel c). Note panel a extends over 
100 s, while panels b and c refer only to the first 5 seconds of the relaxation 

process. 
Panel d represents the quality of the fit, indicated by chi-square values, as a function 

of the number of Maxwell elements used for the fit. 

out to determine possible interdependence amongst the different 

time constant ranges and to reduce the number of time constant 

ranges. However, based on this division of the total range of 

relaxation time constants, it occurred 42 times from the total of 442 

Maxwell elements measured that one biofilm possessed two data 

points in one relaxation time constant range. Since this impedes 
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Figure 2. The relative importance of the individual Maxwell elements of different 

biofilms as a function of their characteristic relaxation time constants in relation with 
the different matrix chemistries according to Table 1. Each data point represents one 
Maxwell element with its time constant plotted against the relative importance. Each 
individual biofilms possessed on average 4 to 5 Maxwell elements. Similar biofilms 
were grown and investigated minimally three times with separate initial bacterial 
cultures. Maxwell elements with 0% relative importance have no accompanying time 
constant, and are not plotted, while characteristic time constants exceeding 7000 s 
have been assigned values of 7000 s. Vertical lines indicate divisions of relaxation 
time constant ranges (Ci). 

a) P. aeruginosa biofilms 
b) S. mutans biofilms 
c) S. aureus and S. epidermidis biofilms 
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principal components analysis, the semi-log based initial division was 

slightly adjusted to eliminate this redundancy. This led to a new 

division of relaxation time constant ranges (Ci) according to the 

following relaxation time ranges < 0.75, 0.75 – 3, 3 – 10, 10 – 25, 25 

– 70, 70 – 460, and > 460 s that were subjected to a principal 

component analysis. The principal component analysis yielded three 

new, principal components (PC1, PC2 and PC3) in terms of 

coefficients of the seven initial time ranges to describe the stress 

relaxation of the different biofilms (see Fig. 3a), accounting 

respectively for 31, 22, and 15% of the variance observed. 

Incidentally, it is noticed that no redundancy occurred when the total 

time constant range was divided into a higher number of sub-ranges, 

while yielding similar results for the resulting principal components.  

Identification of matrix chemistries and biofilm components 

responsible for stress relaxation in biofilms. Prominent properties 

of the biofilms significantly represented in each of the principal 

components were identified by statistical comparison (Mann-Whitney 

U, p < 0.05, Supplementary information Fig. 4), as related with the 

strain-specific biofilm properties as listed in Table 1. The principal 

component comprising the two fastest, initial elements (PC1) is 

negatively impacted by the slowest initial element (see Fig. 3a). Re-

arrangement of bacteria within a deformed biofilm can be considered 

as the slowest process as bacteria constitute the heaviest masses. 

At the same time water, with dissolved components, has the lowest 

viscosity in a biofilm and its flow will form the basis of the fast 

relaxation. Therewith the process assignment to this principal 

component becomes quite logical, since presence of water implicates 

the absence of cells. The second principal component (PC2) 
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encompasses intermediate time constant ranges (see Fig. 3a) from 3 

to 10 s and 25 to 70 s that are associated by statistical comparison 

with EPS (see also Fig. 4). This too is quite logical as EPS is a more 

viscous material than water. Interestingly, the third principal 

component (PC3) only contains one initial time constant range that 

was uniquely associated with the absence or presence of eDNA as 

an extracellular matrix constituent (Fig. 3a). 

 

Figure 3. a) Coefficients aij of the initial time constant ranges Ci for each principal 

component PCj according to 

            
 
    (see also Eq. 3). 

b) Assignment of matrix chemistries to the three principal components PCj as 
distinguished for the different biofilms involved in this study. Principal components 
are expressed as a function of relaxation time constants based on positive 
correlations, with matrix chemistries defined in Table 1. Matrix chemistries positively 
associated with PC1 include water and hydrated polysaccharides, for PC2 they 
include polysaccharides and EPS polymers, with for PC3 it solely includes eDNA. 
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Figure 4. Principal component values (PCj) were determined for each biofilm and 

statistically compared for specific bacterial pairs, yet possessing distinctly different 
matrix chemistries (Mann-Whitney U, * p < 0.05). Matrix compositions (see Table 1, 
colors see Fig. 2) were utilized to isolate matrix constituents involved and assigned 
to a principal component in case that constituent was significantly more expressed 
by strains having a higher value of the principal component. 
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DISCUSSION 

The visco-elasticity of biofilms reflects their structure and composition 

and serves amongst others to protect a biofilm against mechanical 

and chemical challenges. Little is known however, about the biofilm 

components and matrix constituent that are responsible for the stress 

relaxation processes within a biofilm as a response to mechanical 

deformation. In this study we analyzed the stress relaxation of over 

100 different biofilms with known matrix chemistries. Stress 

relaxation obeyed a generalized Maxwell model, generally 

comprising four to five Maxwell elements. Using principal component 

analysis, we are the first to establish that three components suffice to 

describe the visco-elastic relaxation of mechanically deformed 

biofilms.  

The first principal component comprises the fastest two initial 

time ranges (< 0.75 s and 0.75 – 3 s). The fastest time range was 

associated with the flow of water, based on its low viscosity and 

incompressibility. Similar stress relaxation times have been found for 

the cytoplasm of a macrophage (5) under creep and flow of aqueous 

solutions through micron-sized channels (9). Having associated 

water with the fastest relaxation time constant range, the next fastest 

initial time range could be associated with hydrated polysaccharides 

(see Fig. 3b). The second principal component comprises two initial 

intermediate time ranges (3 – 10 s and 25 – 70 s) that could be 

associated with non-aqueous matrix constituents, including glucans 

and other EPS constituents, (see also Fig. 3b) with a noticeable 

separation. 
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The third principal component is the most interesting one, as it 

comprises a single, relatively narrow relaxation time range (10 – 25 

s) that could be uniquely associated with the presence of eDNA as a 

matrix constituent (see Fig. 3b). eDNA as a matrix constituent 

originates from chromosomal DNA and is thought to be produced 

deliberately through active processes such as autolysis or vesicular 

secretion (4, 15, 40). Several recent reports have shown that eDNA 

is involved in different stages of biofilm formation, including initial 

bacterial adhesion, aggregation (12, 15), biofilm architecture (21), 

and mechanical stabilization of biofilms (4). eDNA performs its role 

as a pivotal matrix constituent through acid-base interactions with 

bacterial cell surfaces and polysaccharides (12, 13). The ability of 

eDNA to interact with polysaccharides coincides with the position of 

the third principal component, identified to be uniquely due to eDNA, 

in between two initial time ranges associated with the presence of an 

EPS matrix. The filamentous structure of eDNA (15) allows it to form 

agglomerates with smaller polysaccharides and globular proteins 

found in the EPS matrix by means of acid-base interactions. The 

current highly distinguishable role of eDNA in the stress relaxation of 

deformed biofilms suggests that these agglomerates are well-defined 

structures, otherwise they could not form a single principal 

component with a narrow time constant range. The narrow range of 

the relaxation time constant associated with the presence of eDNA in 

a biofilm is likely controlled by the length of the DNA strands. Shorter 

fragments of eDNA strands are more quickly absorbed into bacterial 

cells, while longer fragments tend to have more functional 

responsibilities (30) and are thus more readily involved in the 

formation of agglomerates controlling stress relaxation. 
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Conclusions. Mechanical stresses lead to deformation and possible 

detachment of biofilm organisms and hence re-arrangement 

processes occur in a biofilm to relieve itself from these stresses and 

maintain its integrity. Maxwell analysis of the stress relaxation of 

biofilms allows the determination of characteristic relaxation time 

constants, but hitherto biofilm components and matrix constituents 

associated with stress relaxation have never been identified. Using 

specific bacterial pairs with known, distinct EPS chemistries, we for 

the first time related purely mathematical Maxwell elements 

describing stress relaxation with biofilm components and matrix 

constituents on the basis of the characteristic relaxation time 

constants of the Maxwell elements in terms of three principal 

components. The presence of water or absence of bacteria for that 

matter, was associated with the fastest relaxation process, while re-

arrangement of EPS constituents controls a second, slower 

relaxation process. Interestingly, eDNA as a matrix constituent had a 

distinguishable role with its own unique principal component in stress 

relaxation. Although several functions of eDNA as a matrix 

constituents have been demonstrated over recent years, such a 

distinguishable role in stress relaxation is new and adds to the 

importance of eDNA in biofilm structure and function. 

MATERIALS AND METHODS 

Biofilm growth and application of chemical treatments. Bacterial 

strains (see Table 1) were stored at -80°C in 7% dimethylsulphoxide 

(DMSO), grown on sheep blood agar plates, and cultured in 10 ml 

growth medium (37°C, 17 h). Bacteria were sonicated (10 W, 10 s, 

0°C) to disrupt possible aggregates and enumerated using a Bürker 
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Türk counting chamber. Sterile demineralized water (100 ml) and 1 × 

108 bacteria were deposited on a membrane filter (0.4 µm pore size, 

diameter 4.6 cm, HTTP, Millipore, Ireland) under negative pressure 

and washed in demineralized water (50 ml) for an additional 30 s. 

Subsequently, the filter was moved onto agar plates with the 

appropriate growth medium for each bacterial strain (see Table 1), 

containing 12 g/l Bacto Agar, BD Le Pont de Claix, France, with the 

bacterial side up and incubated at 37°C for 48 h. All growth media 

were purchased from OXOID (Basingstoke, UK), while chemicals 

were purchased from Sigma (Saint Louis, MO, USA) or Merck 

(Darmstadt, Germany). 

Two P. aeruginosa strains were used (SG81 and SG81-R1), with 

SG81-R1 being an isogenic mutant, deficient in matrix production. In 

order to increase or decrease the prevalence of different constituents 

in the EPS matrix of P. aeruginosa SG81, biofilms were subjected to 

treatment (2 h, 37°C) either with phosphate buffered saline (PBS, 5 

mM K2HPO4, 5 mM KH2PO4, 150 mM NaCl pH 7.0), PBS 

supplemented with 10 mM MgCl2 and DNaseI (0.25 units/ml, 

Fermentas Life Sciences, Roosendaal, The Netherlands), PBS 

supplemented with 10 mM MgCl2 or PBS supplemented with 2 

mg/ml N-acetyl-L-cysteine. S. mutans biofilms were grown in 

presence of different amounts of sucrose to vary the amount of 

glucans in the matrix. S. aureus ATCC 12600 and strain 5298 and S. 

epidermidis HBH45 and strain ATCC 12228 were selected as 

representatives of the genera staphylococcus for their known ability 

to produce biofilms with or without an EPS matrix, respectively. Table 

1 summarizes the chemical characteristics of the EPS matrix of the 

different biofilms grown including references.  
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Biofilm compression and analysis of visco-elastic relaxation. 

Deformation was imparted on the biofilms using a low-load-

compression-tester (25). Briefly, a stainless steel plunger (diameter 

0.25 cm) was lowered toward a sample stage and the position of the 

stage was recorded. Next the plunger was lowered toward the top of 

the biofilm till a touch load of 0.01 g and its position was recorded 

again. The difference in plunger positions determined the thickness 

of the biofilms. Next, the biofilms were imparted a deformation of 

20% (strain 0.2) in 1 s, and the deformation was subsequently held 

constant for 100 s while monitoring the stress development over time 

(32). Stress relaxation as a function of time, E(t) was fitted using a 

generalized Maxwell model according to 
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where E(t) is the total stress divided by the induced strain expressed 

as the sum of i Maxwell elements with a spring constant Ei, and 

characteristic relaxation time,  i. Model fitting was performed using 

MS Excel 2007 Solver module without imposing any restrictions to 

the values Ei or  i, except that values had to be positive to maintain 

their physical relevance and  i be greater than 0.01 s. Initially, one 

Maxwell element was used to fit to the stress relaxation data, and 

then additional elements were added until no further decrease in chi-

squared values was observed (Fig. 1). For each biofilm, a relative 

importance was assigned to each element, based on the value of its 

spring constant Ei, and expressed as the percentage of its spring 
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constant to the sum of all elements’ spring constants at t   0 

according to 

 

  i 
 i

  i
 
i  

            (Eq. 2) 

Identification of biofilm components and matrix constituents influential 

on the visco-elastic deformation of compressed biofilms. The first 

step in the identification of biofilm components and matrix 

constituents influential on the visco-elastic relaxation of compressed 

biofilms was to divide the total range of relaxation time constants 

observed over the 104 biofilms investigated into seven initial 

relaxation time constant ranges on a semi-log basis according to < 1, 

1 - 5, 5 - 10, 10 – 50, 50 – 100, 100 – 500 and > 500 s. Based on the 

relative importance Ēi of the data in each time range, a principal 

component analysis (SPSS v. 16.0 for Windows, data reduction 

factor analysis, principal component analysis with a maximum 25 

iterations) was carried out to identify which combinations of 

relaxation time constant ranges could explain the variance in the 

dataset best. The resulting, new principal components (PCj) were 

comprised of coefficients from the seven initial relaxation time ranges 

according to  
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 C   ai    i
 
i               (Eq. 3) 

for j = 1 - 3 and in which Ēi is the relative importance of the spring 

constants in each initial time constant range i and aij the 

corresponding coefficients. The value for each principal component 

was calculated using equation 3. 

Next median values of the principal components for each stress 

relaxation experiment were calculated according to Eq. 3. Results for 

bacterial pairs with known differences in their matrix chemistry were 

compared using a Mann-Whitney U test. Whenever median values 

for biofilms with a specific, known matrix chemistry were significantly 

higher than data for biofilm lacking that specific chemistry at the level 

of p < 0.05), the chemistry was related with a specific principal 

component PCj (see also Fig. 4). 
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ABSTRACT 

It is estimated that 60% of bacterial infections are due to biofilms. 

Biofilms are recalcitrant to antimicrobials as a result of phenotypic 

changes of the inhabiting bacteria, biofilm structure and composition. 

Qualitative imaging of biofilms date back to the 17th century, when 

Antonie van Leeuwenhoek reported on the poor penetration of 

vinegar into oral biofilm. Unfortunately, the general understanding of 

the limited penetration of antimicrobials into biofilms is still based on 

qualitative imaging. In this review, we summarize progress made in 

the qualitative understanding of antimicrobial penetration through 

advances in microscopic techniques and our recently discovered 

quantitative relations between visco-elastic properties of biofilms and 

antimicrobial penetration. Therewith the role of visco-elasticity of 

biofilms extends beyond its protection offered against mechanical 

removal forces. The dual role of biofilm visco-elasticity in the 

protection of biofilm against mechanical and chemical attacks 

revealed in this review warrants identification of visco-elasticity as a 

biofilm virulence factor. Pathways are discussed to reduce the 

virulence of bacterial biofilms by intervening with its visco-elastic 

properties. 
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It is currently estimated that over 60% of all human infections treated 

by physicians are due to biofilms (21), examples being oral biofilms 

(“dental plaque”) and biofilms involved in a variety of conditions like 

osteomyelitis, chronic otitis media, the diabetic foot or chronic 

bacterial prostatitis. In their biofilm mode of growth, bacteria adhering 

on a surface, embed themselves in a matrix of extracellular polymeric 

substances (EPS) that not only offers physical protection against 

antimicrobial penetration, but also yields bacterial properties that can 

be different from the ones of their planktonic or free-swimming 

counterparts (20). Biofilm organisms can become inherently resistant 

to antimicrobials through mutation, formation of antibiotic degrading 

enzymes, endogenous oxidative stress, phenotypic changes or low 

metabolic activities (41). The recalcitrance of bacteria in biofilms to 

antimicrobial treatments therewith can become thousands of times 

stronger than of planktonic bacteria. (3,31,41). Unfortunately, the 

general understanding of the limited antimicrobial penetration in 

biofilms is still based on qualitative imaging of biofilm structure and 

subsequent mathematical modeling (5,15).  

Qualitative imaging of biofilms and the realization that biofilms are 

little penetrable by antimicrobials date back to the 17th century, when 

Antonie van Leeuwenhoek commented in a report to the Royal 

Society of London “that the vinegar with which I washt my Teeth, 

kill’d only those Animals which were on the outside of the scurf, but 

did not pass thro the whole substance of it”. Despite this early 

identification of the biofilm mode of growth by Van Leeuwenhoek, 

technological advances enabling scientists to study biofilm structure 

and composition have only been around for a few decades (14), 

although mostly still based on qualitative microscopic imaging (43). 
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In this review, we first pay attention to the general mechanisms 

through which bacteria in a biofilm mode of growth may resist the 

action of antimicrobials and secondly focus on the difficulties 

encountered by antimicrobials in penetrating infectious biofilms. We 

summarize progress made since Van Leeuwenhoek in the qualitative 

understanding of the penetration of antimicrobials into biofilms 

through advances in microscopic techniques, the most common 

being confocal laser scanning microscopy (CLSM). It is advocated 

that through a relation between structure and composition with visco-

elastic relaxation of a biofilm under external stress, macroscopic 

physical properties of a biofilm can be derived that facilitate 

explanation of antimicrobial penetration into a biofilm on a 

quantitative basis. Therewith the role of visco-elasticity of biofilms 

extends beyond its protection offered against mechanical removal 

forces, which warrants identification of visco-elasticity as a biofilm 

virulence factor. Finally, this review identifies new pathways to 

reduce the virulence of bacterial biofilms by intervening with its visco-

elastic properties.  

 

Figure 1. Key-properties of biofilms that govern biofilm recalcitrance toward 

antimicrobials. 
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Mechanisms of biofilm recalcitrance toward antimicrobials. The 

biofilm mode of growth protects individual bacteria from a variety of 

environmental challenges, including bacteriophages, chemically 

diverse biocides, host immune responses and antimicrobials (78). In 

Figure 1 we identify three key-properties of biofilms that govern the 

mechanisms through which biofilms become recalcitrant to 

antimicrobials (3,18,38,68,72). Biofilm structure determines many 

transport processes within a biofilm. Penetration of antimicrobials 

and nutrients into a biofilm depend on the degree of channelization of 

the biofilm and the presence of a suitable medium for molecular 

transport through the biofilm. Usually transport of antimicrobials and 

nutrients is limited, based on whether the composition of both the 

EPS matrix and the bacterial cell surfaces adsorb these compounds 

on their way in or not. Importantly, biofilm structure is dynamic, 

adapting in both space and time to its environmental conditions (17), 

amongst which pH, temperature, fluid shear, nutrient availability and 

host defenses. As a result of nutrient deprivation, bacterial 

phenotypes in a biofilm can be altered, leading to the formation 

persister cells (40,52), that can remain dormant without causing 

disease for prolonged periods of time. Moreover, most antimicrobials 

target marcromolecule synthesis inside bacteria (15) during active 

metabolism, thus the presence of a slow metabolism contributes to 

antimicrobial recalcitrance of biofilms in general, and persister cells 

can tolerate higher concentrations of antimicrobials than nearby 

recalcitrant biofilm organisms (33,66). Taken together, whereas 

planktonic organisms have ample access to nutrients and by the 

same token, are highly susceptible to antimicrobials, structural and 

compositional features of a biofilm form the major impediments for 
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nutrient deprivation, the development of altered phenotypes and 

antimicrobial recalcitrance. 

Qualitative understanding of the recalcitrance of biofilms toward 

antimicrobial penetration using microscopic techniques. Over 

the past decades, microscopic techniques have greatly aided to yield 

a general description of biofilm structure and to a limited degree its 

microbiological and biochemical composition. Whereas early electron 

microscopic techniques enabled imaging of organisms in a biofilm, 

high vacuum conditions have long obscured the role of the EPS 

matrix (see Table 1), that appeared as a dark rim of condensed 

matter on the bacterial cell surfaces in a biofilm (69). Scanning 

electron microscopy (SEM) can provide high resolution of the 

bacterial cell surface, visualizing membrane damage from 

antimicrobials. However, internal cellular integrity remains elusive 

using SEM (49). Transmission electron microscopy (TEM), on the 

other hand, can observe interior bacterial structures and internal 

damage caused from antimicrobials (81). Still, these electron 

microscopy techniques corrupt the natural state of biofilms. Through 

the years, many microscopic techniques have been developed, 

amongst which the environmental SEM, that enable to study biofilms 

in their native hydrated state (7).  

CLSM has become the most employed technique to study 

biofilms as it offers many more possibilities than just simple imaging 

(see Table 1). Many key components of biofilm structure have been 

determined using CLSM in association with chemically binding 

fluorochromes, including 3D architecture (59,62,74), mushroom-

shaped colonies (19,75), stratification (36), establishment of water  
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Table 1. Microscopic imaging techniques used to study biofilm structure, together 

with their advantage and disadvantages and the contributions these techniques have 
forwarded with respect to our understanding of the limited penetration of 
antimicrobials into biofilms. 

Microscopic 
Technique 

Advantages  (+) /  Disadvantages  (-) References 

Scanning Electron 
Microscopy (SEM) 

+ High resolution 
- Operates under vacuum 

(6,49,67),  

Transmission 
Electron 
Microscopy (TEM) 

+ High resolution 
+ Intracellular features visible 
- Requires ultra-thin samples 
- Operates under vacuum 

(58,67) 

Confocal Laser 
Scanning 
Microscopy (CLSM) 

+ Operates under hydrated conditions 
+ FISH mode allows species 
identification 
+ Fluorescence labeling allows 
visualization of specific molecules 
+ Allows visualization of membrane 
damage after appropriate staining 
- Stain penetration is limited 
- Laser penetration is limited 
- Fluorescence quenching during 
operation  

(1,12,36,64,70,
80) 

Environmental 
SEM 

+ Operates under hydrated conditions 
+ No coating required 
- Limited working focal distance 

(7,13) 

Acoustic 
Microscopy 

+ Operates under hydrated conditions 
+ Non-invasive and non-destructive 
- Low resolution of surface structures 
- Provides only estimates for thickness 

(24) 

Focused Ion Beam 
Scanning Electron 
Microscopy (FIB-
SEM) 

+ High resolution 
+ Due to milling of the surface, 3D 

reconstruction possible 
- Operates under vacuum 

(81) 

X-ray Scanning 
(Scattering) 
Microscopy 

+ Operates under hydrated conditions 
+ No staining 
- Natural contrast restricted 

(37) 

Optical Coherence 
Tomography (OCT) 

+ Operates under hydrated conditions 
without sample preparation 
+ Deep penetration in biofilms 
+ Non-destructive 
- Limited resolution 

(29,80) 

Electron 
Microscope 
Tomography 

+ High resolution 
- Destructive sample preparation 

(48) 
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channels (17,68), presence of extracellular polymeric substances 

(EPS) (37,39,63), bacterial cell surface damage and viability (30) as 

well as biofilm failure under compression (11). The establishment of 

water channels, however, has never been directly established, but 

rather has been indirectly established by the absence of stain uptake 

by bacteria and matrix components. Chemically reactive lectins 

provide information about the molecular composition of sugars within 

a biofilm (1). Alternatively, fluorescent in situ hybridization (FISH) 

differentially stains different bacterial species providing information of 

the location of bacterial species within multispecies biofilms (82). A 

limiting factor in the use of CLSM is that the penetration ability of the 

fluorochromes is typically confined to 20 to 40 µm (77), and it is 

impossible to see much deeper within a biofilm structure. Moreover, 

the penetration capability of the laser itself limits the depth of view 

within a biofilm structure. Two-photon laser systems have helped to 

increase the penetration depth of the laser light, yet they still require 

the use of fluorochromes that may have harmful effects to the 

biofilms (42). 

These drawbacks of CLSM have stimulated the use of other 

microscopic techniques that still allow to image biofilm structure, but 

that do not rely on staining (see Table 1). Optical coherence 

tomography (OCT) for instance, relies on the scattering of light rather 

than stain fluorescence and is used to accurately describe voids 

water channels. CLSM easily overestimates the presence of voids, 

because they also appear due to lack of penetration of the stains. 

OCT, not relying on stain penetration, has demonstrated that 

heterotrophic biofilms had a porosity under 70%, when 98% porosity 

was found using CLSM (80). Focused ion beam scanning electron 
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microscopy (FIB-SEM) uses ion-sputtering of biofilm mass with 

repetitive imaging in between to observe the organisms within 

biofilms at a high resolution (81), and it can clearly visualize cell wall 

damage inside a biofilm due to antimicrobial attack (see Figure 2). 

Meanwhile, X-ray scanning microscopy can obtain detail on smaller 

biofilm structures than CLSM (37), specifically the EPS matrix. The 

different energies of biological components are compared against 

standards and converted to absorbance to obtain images. Similarly, 

structural re-arrangements of extracellular polysaccharides were 

observed as a function of pH using small angle X-ray scattering (16), 

though unlike X-ray scanning microscopy, no converted image is 

possible. As a major advantage, X-ray scanning microscopy can be 

used to interpret chemical interactions between biofilm components 

and antimicrobials. A non-staining method capable of determining 

mass transfer rates is acoustic microscopy. The ultra-high frequency 

ultrasound waves (70 MHz) are able to penetrate deep into biofilms 

detailing surface interfaces and are sensitive enough to differentiate 

localized changes in composition (24).  

In summary, advances in microscopic techniques have yielded 

undisputed structural information on voids and water channels in 

biofilms. Staining and wave-energy scattering have enabled the 

visualization of different chemical environments in a biofilm. Yet 

further advances from here on have been lacking. Structural features 

can be used in computer programs to yield an estimate of 

antimicrobial penetration, but lack reliable input parameters and do 

not include specific interactions between inhabiting bacteria, biofilm 

matrix composition and the antimicrobial. Moreover, the main 

difficulty with microscopic techniques is the highly limited field of view 
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in combination with observer bias toward nice images. This calls for 

an urgent need for more quantitative, observer-independent 

techniques to characterize biofilms in terms of structure and 

composition.  

 

Figure 2. FIB-SEM cross section-images of OsO4-stained, FIB-sectioned S. 

epidermidis ATCC 35984 biofilms prior to and after exposure to quaternary-
ammonium solutions, demonstrating the development of holes in the bacterial cell 
wall due to the interdigitization of the hydrophobic tail of the quaternary ammonium 
molecules.  
A) control (exposure to TSB), 
B) 1 x MBC of a quaternary-ammonium solution (Ethoquad C/25 (Cocoalkyl methyl 
(polyoxyethylene) ammonium chloride), 
C) 3 x MBC, 
D) Higher magnification of C. 
Note that after exposure to 3 x MBC, the number of adhering staphylococci is rather 
low, but the few bacteria that could be imaged appear highly damaged. The scale 
bar denotes 1 μm.  

 

Stress relaxation to assess biofilm structure and composition. 

Biofilms are visco-elastic materials comprised of an initial elastic 

response followed by viscous relaxation when subjected to external 

stress. Importantly, whereas microscopic techniques in general do 

not yield quantitative descriptions of structure and composition of a 

biofilm, visco-elasticity is determined by an interplay of structure and 

composition and can be quantitatively assessed. Measurement of the 

visco-elasticity of a material either involves measuring deformation 

under constant stress (“creep” (35)) or measuring the stress required 

to maintain a constant deformation (“stress relaxation” (11)), as 
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summarized in Figures 3a and b. Although creep and stress 

relaxation measurements are thought to be caused by different 

processes (26), they can be analyzed using similar mathematical 

models resulting in similar time constants of their response 

processes (53).  

  

Figure 3. Visco-elastic measurements of “creep” and “stress relaxation”. 

A) During creep measurements a constant stress is induced while the deformation of 
the biofilm is recorded over time.  
B) During stress relaxation measurements, a constant deformation is induced and 
the stress required to maintain that deformation is recorded over time.  
C) The response to an induced deformation can be mathematically modeled using 
multiple Maxwell elements, each with their characteristic time constants representing 
the viscous part of the response (“the dash-pots”, ηi) and an immediate elastic 
response component (“the springs”, Ei). Characteristics time constants of each 
response process follow from τi as indicated in the graph. 
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Stress relaxation can, amongst other methods, be derived from 

uniaxial compression (34). In uniaxial compression, a plunger 

deforms the biofilm over a specified distance or strain and the stress 

relaxation is recorded as a function of time. Since stress relaxation 

results from multiple re-arrangement processes in a deformed 

biofilm, the mathematical description of stress relaxation possesses 

multiple terms. Generally, stress relaxation is described by a number 

of so-called Maxwell elements (see Fig. 3c) with each element 

containing a time constant, characteristic to the underlying time-

dependent re-arrangement process and a spring constant, 

representing the immediate elastic response. Generally, three to four 

Maxwell elements are required to describe the stress relaxation of 

biofilms. Since bacteria in a biofilm constitute the heaviest masses, 

their re-arrangement upon an induced deformation will be slow, and 

the relative importance of the slow Maxwell element has been 

intuitively associated with bacterial re-arrangement in a biofilm. On 

the other hand, water has the smallest viscosity in a biofilm, and 

therefore the fast Maxwell element has been associated with the flow 

of water through a biofilm, which leaves an association between the 

behavior of EPS with the intermediate Maxwell element(s). Principal 

component analysis of Maxwell elements describing the stress 

relaxation exhibited by biofilms with different matrix chemistries has 

pointed out that in general three principal Maxwell elements suffice to 

describe stress relaxation of biofilms. The fastest principal element 

was associated with the outflow of water and soluble 

polysaccharides, while a second principal element was associated 

with the EPS matrix as a whole, with a distinct impact of the 

presence of eDNA included in a third principal element with a 
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narrowly confined time constant range within the range of the second 

element. The presence of bacteria themselves as the heaviest 

masses is included in the first principal component with an inverse 

impact of bacterial prevalence with respect to the presence of water 

and soluble polysaccharides, i.e. the free space in a biofilm available 

for bacterial re/arrangement processes (50). Importantly, herewith 

there exists a relation between quantifiable visco-elastic properties of 

a biofilm that relates with their structure and composition that goes 

beyond the possibilities of microscopic imaging techniques.   

Role of visco-elasticity in biofilm survival. Visco-elasticity of 

biofilms provides a protection mechanism allowing survival of its 

inhabitants under mechanical attack, while recently visco-elastic 

properties have also been related to the penetration of antimicrobials 

into a biofilm. Below, we will briefly discuss the role of visco-elasticity 

in protecting a biofilm against mechanical and chemical challenges.  

Survival of biofilms on intra-vascular catheters in the human blood 

stream. Catheter-associated blood stream infections are common 

after long-term catheterization of patients and result from catheter-

associated biofilms. Biofilms on intra-vascular catheters have to 

withstand the fluctuating shear from the pulsatile blood flow, using 

their visco-elastic properties to adjust to local changes in fluid flows 

while maintaining their structural integrity. In an initial attempt to 

withstand increasing shear forces, biofilms extend in the direction of 

flow through re-arrangement into so-called streamers, as shown in 

Figure 4a (60,61). When the visco-elastic properties of a biofilm are 

overloaded, biofilm failure and detachment from a surface occur (73). 

The visco-elasticity of biofilms allows these streamers the possibility  
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Figure 4. Role of visco-elasticity of biofilms in their survival under mechanical and 

chemical challenges.  
A) Side view of a streamer in a biofilm growing under an applied wall shear stress. 
The edge of the streamer has been outlined for clarity, and the direction of fluid flow 
is indicated by the thick arrow (adapted from 71, with permission).  
B) Biofilm removal or expansion (negative removal) for different distances between a 
biofilm and the bristle tips of a powered toothbrush (adapted from 8), together with 
CLSM images of biofilms prior to (i) and after (ii) non-contact brushing showing 
volumetric expansion (scale bar indicates 75 µm).  
C) Penetration ratio of antimicrobials as a generalized function of the relative 
importance of the three Maxwell elements E1, E2 and E3, denoting the fast and slow 
relaxation components, respectively. Dashed lines represent 95% confidence 
intervals (adapted from 27).  
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to extend and therewith gain time till more favorable flow conditions 

develop. How and when biofilms in the blood stream fail is arguably 

the most important biofilm property (25). 

Mechanical removal of biofilms in the oral cavity. In the oral cavity, 

like in the blood stream, biofilms are mechanically challenged by 

naturally occurring fluid flows and tongue movements, but also by 

daily toothbrushing. Toothbrushing removes oral biofilm through 

direct contact with toothbrush filaments, but powered toothbrushes 

also do so in a non-contact mode (76), provided the energy output of 

the brush is high enough (8). The visco-elasticity of oral biofilms 

under non-contact brushing causes the biofilm to expand rather than 

to directly disperse prior to disruption (8). Moreover, if toothbrushing 

is arrested before detachment, biofilms are left in an expanded state 

(see Figure 4b (28)). 

Visco-elasticity of biofilms and antimicrobial penetration. A major 

advance in our understanding of the limited antimicrobial penetration 

into biofilms has been made by the realization that biofilm structure 

and composition are reflected in the visco-elastic response of 

biofilms after deformation (34). Penetration of chlorhexidine into oral 

biofilms increased with increasing relative importance of the slow and 

decreasing importance of the fast relaxation element (see Figure 4c 

(27)). Involvement of slow relaxation elements suggests that biofilm 

structures allowing extensive bacterial re-arrangement after 

deformation are more open, allowing better antimicrobial penetration. 

Involvement of fast relaxation elements suggests that water dilutes 

the antimicrobial upon penetration to an ineffective concentration in 

deeper layers of the biofilm (27). Note that these results could also 
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have been expressed in one principal component, since the more 

open structure allowing bacterial re-arrangement inversely relates 

with the presence of water filled channels (50).  

Visco-elasticity: a new biofilm virulence factor. Bacterial 

adhesion to a substratum causes a phenotypic change of expression 

that makes removal more difficult (47,79) and as a consequence the 

ability of a bacterial strain to adhere is considered as a virulence 

factor (23,32). The biofilm state of growth is also known as a 

virulence factor due to its increased recalcitrance to antimicrobials 

(2,46). The above examples, as summarized schematically in Figure 

4 demonstrate that visco-elasticity is a pivotal property of biofilms 

facilitating their survival under mechanical and chemical attack. 

Therefore, we here propose that visco-elasticity should be regarded 

as a new biofilm virulence factor. 

Future perspective on clinical applications. The realization that 

visco-elasticity is a biofilm virulence factor opens new pathways for 

the control of biofilms in disease and understanding of ill-understood 

phenomena like the bio-acoustic effect (56). The CLSM images in 

Figure 4c clearly demonstrated that biofilms expand upon the 

transfer of energy by non-contact, powered toothbrushing (8,28). 

This effect was accompanied by an increase in the slow and a 

decrease in the fast Maxwell relaxation of these biofilms. These 

changes facilitated increased penetration of oral antimicrobials (28).  

Pulsating waves of energy have been shown to amplify 

antimicrobial efficacy against biofilms, and is referred to as the “bio-

acoustic effect” (51,65). Gentamicin has been shown to have 

enhanced killing in Pseudomonas aeruginosa and Escherichia coli 



General overview and perspectives 

 

 
147 

biofilms in vitro and in vivo in rabbits after ultrasound treatment with 

frequencies ranging from 30 – 500 kHz and energies ranging from 10 

– 3000 mW/cm2 (9,10,55,57). Although biofilms of Gram-positive 

bacteria were initially thought to be resistant to enhanced killing from 

ultrasonic waves (51), with enough energy (3000 mW/cm2) Gram-

positive bacteria were also found to be susceptible (56). Reducing 

the frequency of the wave to 2 – 3 Hz increased efficacy of 

antimicrobials in biofilms of Staphylococcus aureus and single and 

mixed species oral biofilms (22,44,45). Since there is an analogy 

between non-contact, powered toothbrushing usually done at 

frequencies between 260 and 750 Hz with the bio-acoustic effect (4), 

it is likely that ultrasound will change the structure of biofilms to 

cause better penetration of antimicrobials into a biofilm and therewith 

increased killing. Visco-elastic measurements have not yet been 

done however on ultrasonically treated biofilms. Interestingly, low 

frequencies were more efficient in increasing the killing efficacy of 

antimicrobials than higher ones (54). The characteristic time 

constants derived from the stress relaxation of deformed biofilms, 

ranging from < 5 s, 5 – 100 s, and > 100 s for the fast, intermediate 

and slow elements respectively, suggest that the main effects of 

pulsating energy waves are through effects on the fast principal 

Maxwell element and thus associated with the presence of water in 

the biofilm. At the low frequencies associated with more efficient 

killing, the pulsating energy waves are closer to cutoff between the 

frequencies of the fast and intermediate Maxwell elements.  

Taken together, these considerations point to a new pathway to 

increase the efficacy of pulsating waves of energy by fine-tuning the 

frequencies of these treatments to the resonance frequencies of the 
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different constituents in biofilm matrices, which will have a major 

impact on both their mechanical stability and antimicrobial 

penetration through a direct effect on the visco-elasticity of biofilms. 

Changes in visco-elastic properties of biofilms that enhance 

antimicrobial efficacy can not only be achieved through pulsating 

waves of energy but also chemically. After exposure to detergents, 

Staphylococcus aureus biofilms grown on stainless steel had 

increased expression of the slowest Maxwell element, or bacterial re-

arrangement. Pseudomonas aeruginosa biofilms on stainless steel 

were affected by N-acetyl-L-cysteine, as both the fast and 

intermediate Maxwell elements were reduced by over half while the 

slowest Maxwell element nearly doubled. P. aeruginosa biofilms on 

membrane filters were similarly affected by both N-acetyl-L-cystiene 

and DNaseI, reducing both the fastest and intermediate principal 

elements (50). Thus also the pre-treatment of biofilms by chemicals 

directly affects their visco-elastic properties and changes them into a 

direction favorable for subsequent antimicrobial treatment.  

Conclusions. Increasing antimicrobial resistance has become a 

serious concern in modern medicine. The development of new 

antimicrobials is being outpaced by the increasing antimicrobial 

resistance of different bacterial strains. Bacterial biofilms provide 

added protection against antimicrobials and the host immune system, 

providing a diverse set of microenvironments increasing the chance 

of survival under mechanical and chemical attack. This review 

identifies the visco-elasticity of biofilms as a pivotal property of 

biofilms in dealing with mechanical and chemical challenges and 

proposes to consider visco-elasticity as a new, biofilm virulence 
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factor. Accepting visco-elasticity as a biofilm virulence factor, allows 

better understanding of a variety of studies done on different biofilms 

demonstrating that sufficient energy input into biofilms at the right 

frequency enhances the efficacy of antimicrobials. More importantly, 

considering visco-elasticity as a virulence factor opens new pathways 

to reduce the virulence of bacterial biofilms by intervening with its 

visco-elastic properties that rely on a combination of physical and 

chemical intervention. This may elongate the life-time of current 

generations of antibiotics in an era where the development of new 

antibiotics seems to stall, yet being direly needed. 
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Bacteria are among the most resilient organisms on the planet. It is 

currently estimated that over 60% of all human infections and 80% of 

bacterial infections, treated by physicians are due to bacterial 

biofilms. There is a need to find a method to control biofilms after 

they have been formed. So far, previous research has been 

extensively focused on preventing bacterial adhesion using surface 

coatings antagonistic with bacterial surfaces and developing 

antimicrobial surface properties for killing adhering bacteria. Chapter 

1 describes some of the properties of biofilms make them special and 

distinct from their planktonic counterparts. The aim of this thesis is to 

better understand the visco-elastic properties of mature biofilms.  

In order to control biofilms, it is necessary to understand the 

properties of the initially adhering bacteria which give rise to the 

biofilms. Therefore, the first experimental study focused on 

centrifugal damage, which has been known to alter bacterial cell 

surface properties and interior structures, including DNA. In Chapter 

2, we provided a simple, versatile method of analysis for describing 

the compaction of bacteria during centrifugation based on a 

proposed centrifugation coefficient; C. Values of C were related to 

different bacterial cell surface properties. Changing the geometry of 

the centrifugation container or centrifugation speeds changed the 

value of C significantly. Initial deposition rates of Staphylococcus 

aureus ATCC 12600 to a glass surface decayed exponentially from 

4217 to 1478 cm-2s-1 with increasing C, while the proportion of 

staphylococci with a zeta potential of around -15 mV, decreased from 

97% to 58%. These surface-sensitive parameters were used 

independently to derive a critical centrifugation coefficient (0.040), 

above which centrifugation was considered to impact the outcome of 
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surface-sensitive experiments due to cell surface damage. Moreover, 

controlling the centrifugation coefficient within narrow limits over a 

series of experiments yielded 43% smaller standard deviations in 

initial staphylococcal deposition rates than with centrifugation at fixed 

speeds for replicate experiments.  

Obviously, the next step was to investigate whether the 

harvesting procedure, along with different growth parameters, could 

alter properties of resulting biofilms (Chapter 3). Therefore, the 

influence of centrifugal compaction and environmental conditions 

during growth on visco-elastic properties of oral biofilms was studied. 

Biofilms were grown out of a layer of initially adhering streptococci, 

actinomyces or their combination. Different uniaxial deformations 

were induced on the biofilms and load relaxations measured over 

time. Linear-Regression-Analysis demonstrated that both 

centrifugation coefficient for streptococci and induced deformation 

influenced the percentage of stress relaxation in 100 s. Centrifugal 

compaction significantly influenced relaxation only upon compression 

of the outermost 20% of the biofilm (p<0.05), whereas biofilm 

composition became influential upon inducing 50% deformation, 

invoking re-arrangement of bacteria in deeper biofilm structures. In 

summary, the effects of centrifugal compaction of initially adhering, 

centrifuged bacteria extended to visco-elastic properties of biofilms, 

indicating that the initial bacterial layer influences the structure of the 

entire biofilm. 

Biofilms are often tolerant to antimicrobials, due to a combination 

of inherent properties of bacteria in their adhering, biofilm mode of 

growth and poor physical penetration of antimicrobials through 
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biofilms. Current understanding of biofilm recalcitrance toward 

antimicrobial penetration is based on qualitative descriptions of 

biofilms. In Chapter 4, we hypothesized that stress relaxation of 

biofilms would relate with antimicrobial penetration. Stress relaxation 

analysis of single-species oral biofilms grown in vitro identified a fast, 

intermediate and slow response to an induced deformation, 

corresponding with outflow of water and extracellular polymeric 

substances (EPS), and bacterial re-arrangement, respectively. 

Penetration of chlorhexidine into these biofilms increased with 

increasing relative importance of the slow and decreasing importance 

of the fast relaxation element. Involvement of slow relaxation 

elements suggested that biofilm structures allowing extensive 

bacterial re-arrangement after deformation are more open, allowing 

better antimicrobial penetration. Involvement of fast relaxation 

elements suggested that water dilutes the antimicrobial upon 

penetration to an ineffective concentration in deeper layers of the 

biofilm. Ex situ chlorhexidine penetration into two-week old in vivo 

formed oral biofilms followed a similar dependence on the 

importance of the fast and slow relaxation elements as observed for 

in vitro formed biofilms. This study demonstrated that measured 

biofilm visco-elastic properties could quantitatively explain 

antimicrobial penetration into a biofilm. 

Stress relaxation has been mathematically modeled, but never 

related back to physical processes. In Chapter 4, we suggested that 

the speed of stress relaxation for materials was based on their size. 

In Chapter 5, we determined that EPS did in fact relax quicker than 

bacterial cells after a 20% deformation of Pseudomonas aeruginosa 

biofilms. Using confocal laser scanning microscopy we visualized the 



Summary 

 
 

 
163 

flow of EPS and bacteria that facilitate stress-relaxation. The stain 

intensity ratio of slime to cells was roughly five times higher for the 

slime producing parent strain than for the mutant strain. Time-

characteristics of the flow coincided with relaxation-time-constants in 

the mathematical Maxwell model analysis of stress-relaxation, as 

used in Chapter 4. 

Now with visual evidence of the movement of biofilm components 

combined with the mathematical relationship between antimicrobial 

penetration and stress relaxation, we closely examined the 

characteristic time constants of the different Maxwell elements 

describing stress relaxation of biofilms in an effort to move from 

arbitrary to established designations. In Chapter 6, the role of 

different matrix constituents on the visco-elastic response of biofilms 

was identified. Staphylococcal, streptococcal and pseudomonas 

biofilms were grown under different conditions yielding distinct matrix 

chemistries. Biofilms were subjected to mechanical deformation and 

stress-relaxation was monitored over time. A Maxwell model was 

used to fit the data. Maxwell elements were defined by a relaxation-

time constant and their relative importance. Relaxation-time 

constants varied widely over the 104 biofilms included and were 

divided into seven ranges. Principal component analysis was carried 

out to eliminate related time constant ranges, yielding three principal 

components that could be related with the known matrix chemistries. 

The fastest relaxation component (< 3 s) was due to the presence of 

water, combined with the absence of bacteria, i.e. the heaviest 

masses in a biofilm. An intermediate component (3-70 s) was related 

to EPS in general, while a distinguishable role was assigned to 
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eDNA, which possessed a unique principal component with a time 

constant range (10-25 s) between the one for EPS constituents. This 

implied that eDNA modulated its interaction with other matrix 

constituents to control its contribution to visco-elastic relaxation 

under mechanical stress. 

In this thesis, we have provided quantitative relationships 

between stress relaxation time constants and both biofilm structure-

composition and antimicrobial penetration. In Chapter 7, an overview 

of the advances made since the 17th century in the qualitative 

understanding of the recalcitrance of biofilms toward antimicrobial 

penetration through advances in microscopic techniques was given. 

Limitations still associated with these microscopic techniques create 

the need to find a physical property that can relate to known biofilm 

structures. We proposed that visco-elastic relaxation under external 

stress relates to antimicrobial penetration regardless of growth 

conditions, single or multi-species biofilms, or antimicrobials used. 

Due to the work described in this thesis, visco-elastic relaxation has 

become the first physical property capable of describing antimicrobial 

penetration. Furthermore, key components of the biofilm matrix could 

be determined utilizing quantitative visco-elastic relaxation. Finally, 

the possibility of bioacoustics as a method for clinical biofilm control 

merging our quantitative results to the known enhancement of 

antimicrobial efficacy was explored.  

Summarizing, in this thesis it is demonstrated that there is a 

connection between the underlying properties of initially adhering 

bacteria and the resulting properties of biofilms. Stress relaxation of 

biofilms could be described in three Maxwell elements and was 
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linked to their structural composition and antimicrobial penetration. 

Extracellular DNA had a distinguishable role in biofilm stress 

relaxation, making it a primary target for future research into 

bioacoustics-associated treatments. Throughout this thesis, 

relaxation time constants were used to distinguish between Maxwell 

elements and their associations to biofilm structure and antimicrobial 

penetration. These time constants could be converted to frequencies 

for bioacoustics as a useful tool against bacterial biofilms, however 

we have not tested the efficacy of these frequencies. A potentially 

successful biofilm treatment would combine antimicrobials with a 

mechanical frequency that would resonate the bacterial biofilm while 

leaving neighboring cells and tissues unaffected.  
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Bacteriën vallen in de groep van meest hardnekkige organismen op 

onze planeet, waarbij met name het vermogen van bacteriën om 

biofilms te vormen van belang is. Volgens huidige schattingen wordt 

80% van alle bacteriële infecties, die door doctoren behandeld 

worden, veroorzaakt door biofilms. Het is hoognodig een methode te 

vinden waarmee de groei en eigenschappen van biofilms 

voorkomen, c.q. beïnvloed, kunnen worden. Tot nu toe heeft 

onderzoek zich vooral gericht op het voorkomen van de hechting van 

bacteriën door het gebruik van oppervlakte coatings, die als 

antagonist werken op het bacteriële celoppervlak en het ontwikkelen 

van antimicrobiële oppervlakken die reeds gehechte bacteriën 

doden. Hoofdstuk 1 beschrijft een aantal eigenschappen die 

kenmerkend zijn voor biofilms en biofilm organismen onderscheiden 

van planktonische bacteriën. Het doel van dit proefschrift is om een 

beter begrip te krijgen van de visco-elastische eigenschappen van 

volgroeide biofilms. 

Om biofilms te kunnen voorkomen is het belangrijk de 

eigenschappen van de initieel hechtende bacteriën te begrijpen, 

aangezien deze bacteriën uitgroeien tot de latere biofilm. Vandaar 

dat de eerste experimentele studie gericht is op schade veroorzaakt 

door het centrifugeren van bacteriën, waarvan bekend is dat deze 

leidt tot veranderingen van het celoppervlak en interne structuren, 

waaronder DNA. In Hoofdstuk 2 presenteren we een simpele, 

veelzijdige analyse methode om samendrukken van bacteriën tijdens 

centrifugeren te beschrijven, dit op basis van een, door ons 

opgestelde, centrifugatie coëfficiënt, C. Waarden van C werden 

gerelateerd aan verschillende celoppervlak eigenschappen. 

Verandering in de geometrie van de centrifuge container of 
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centrifuge snelheid hadden een significant effect op de waarde van 

C. Het aantal Staphylococcus aureus ATCC 12600 bacteriën dat 

hechtte aan een glazen oppervlak daalde exponentieel van 4217 

naar 1478 cm-2 s-1 met een toenemende waarde van C, terwijl het 

percentage stafylokokken met een zetapotentiaal van rond de -15 

mV, daalde van 97% naar 58%. Deze oppervlakte gevoelige 

parameters zijn vervolgens onafhankelijk van elkaar gebruikt om een 

kritische centrifugatie coëfficiënt (0.040) te bepalen. Een hogere 

centrifugatie coëfficiënt heeft een belangrijke invloed op de uitkomst 

van oppervlakte gevoelige experimenten, als gevolg van schade aan 

het celoppervlak. Het binnen nauwkeurige limieten houden van de 

centrifugatie coëfficiënt zorgde er bijvoorbeeld voor dat gedurende 

een reeks hechtingsproeven met stafylokokken, de standaard 

deviaties 43% lager waren dan bij dezelfde experimenten met vaste 

centrifuge snelheden. 

De volgende stap was om te onderzoeken of de manier waarop 

de bacteriën geoogst werden, samen met de verschillende 

groeiparameters, de eigenschappen van de uiteindelijke biofilm 

beïnvloeden (Hoofdstuk 3). Daarom werd onderzocht of 

centrifugeren van bacteriën en aanpassen van omgevingsfactoren 

tijdens groei, invloed hadden op de visco-elastische eigenschappen 

van orale biofilms. Biofilms werden gegroeid vanuit de initieel op het 

oppervlak gehechte streptokokken, actinomyces of een combinatie 

van beide. Verschillende uni-axiale deformaties werden op de biofilm 

uitgeoefend, waarna vervolgens de stress-relaxatie werd gemeten. 

Lineaire regressie analyse toonde aan, dat zowel de centrifugatie 

coëfficiënt van streptokokken als de veroorzaakte deformatie de 

mate van stress-relaxatie beïnvloedden. Samendrukken van 
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bacteriën als gevolg van centrifugeren had alleen een significante 

invloed na compressie van de buitenste 20% van de biofilm (p<0.05), 

terwijl biofilm samenstelling belangrijk werd bij 50% compressie, als 

gevolg van de herverdeling van bacteriën in diepere lagen van de 

biofilm. Samenvattend, werken de effecten van het centrifugeren op 

de bacteriën die de basis van de biofilm vormen, door op de visco-

elastische eigenschappen van de volledige biofilm. Dit geeft aan, dat 

de initieel hechtende bacteriën de structuur van de gehele biofilm 

beïnvloeden. 

Biofilms zijn vaak minder gevoelig voor antimicrobiële stoffen 

door een combinatie van factoren die inherent zijn aan de manier 

waarop biofilms groeien en de slechte penetratie van antimicrobiële 

stoffen naar de diepere lagen van biofilms. Het huidige begrip van 

beperkte antimicrobiële stoffen penetratie in biofilms is voornamelijk 

gebaseerd op kwalitatieve beschrijvingen van biofilms. In Hoofdstuk 

4 poneren we de hypothese dat stress-relaxatie van biofilms 

samenhangt met de penetratie van antimicrobiële stoffen. Stress-

relaxatie analyse van enkel-soortige, in vitro gegroeide orale biofilms 

toonde een snelle, middel-langzame en langzame reactie op de 

geïnduceerde vervorming, overeenkomend met respectievelijk, de 

uitstroom van water, extracellulaire polymere substanties (EPS) en 

herverdeling van bacteriën. De penetratie van chloorhexidine in deze 

biofilms nam toe met toenemende waarde van het langzame en 

afnemende waarde van het snelle element. De betrokkenheid van 

het langzame relaxatie element suggereerde dat biofilm structuren 

waarin na deformatie uitgebreide herverdeling van bacteriën kan 

plaatsvinden meer open zijn, waardoor de penetratie van 

antimicrobiële stoffen beter wordt. De betrokkenheid van het snelle 
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relaxatie element suggereerde vervolgens dat in de diepere lagen 

van de biofilm, water de concentratie van antimicrobiële stoffen 

verlaagt tot ineffectieve waarden. Ex situ penetratie van 

chloorhexidine in twee weken oude, in vivo gegroeide biofilms toonde 

een zelfde afhankelijkheid van de snelle en langzame relaxatie 

elementen als in vitro gegroeide biofilms. Deze studie heeft 

aangetoond dat visco-elastische eigenschappen van biofilms een 

kwantitatieve verklaring kunnen geven voor de penetratie van 

antimicrobiële middelen. 

Stress-relaxatie wordt veelvuldig wiskundig gemodelleerd in de 

literatuur, maar vervolgens nooit teruggekoppeld aan onderliggende 

fysische processen. In Hoofdstuk 4 suggereerden we dat de snelheid 

van stress-relaxatie van verschillende componenten in een biofilm 

verschilt. In Hoofdstuk 5 hebben we bepaald dat EPS inderdaad 

snellere relaxatie vertoonde dan bacteriën zelf, na 20% deformatie 

van Pseudomonas aeruginosa biofilms. Met behulp van confocale 

laser scanning microscopie hebben we de beweging van EPS en 

bacteriën, die samen stress-relaxatie mogelijk maken, 

gevisualiseerd. De snelheid waarmee EPS bewoog kwam overeen 

met de relaxatietijd-constanten in de Maxwell modellen van stress-

relaxatie, zoals die gebruikt zijn in Hoofdstuk 4. 

Vervolgens hebben we gekeken naar de kenmerkende 

tijdsintervallen van verschillende Maxwell elementen die de stress-

relaxatie in specifieke biofilms beschrijven. In Hoofdstuk 6 hebben 

we de rol van verschillende matrix componenten op de visco-

elastische reactie van biofilms vastgesteld. Biofilms van 

stafylokokken, streptokokken en pseudomonas werden gegroeid 
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onder verschillende omstandigheden, waardoor er biofilms 

ontstonden met verschillende matrix samenstellingen. Biofilms 

werden daarna blootgesteld aan mechanische deformatie en de 

stress-relaxatie werd in de tijd gevolgd. Een Maxwell model werd 

gebruikt als fit voor de data. Maxwell elementen werden gedefinieerd 

door een relaxatietijd-constante en hun relatieve zwaarte. 

Relaxatietijd-constanten toonden een hoge mate van variatie over de 

104 geteste biofilms en werden opgedeeld in zeven tijdsintervallen. 

Een “principal component” analyse werd uitgevoerd om de 

tijdsintervallen te koppelen aan matrix samenstelling. De snelste 

relaxatie component (< 3 s) was een gevolg van de aanwezigheid 

van water, gecombineerd met de afwezigheid van bacteriën, c.q. de 

grootste massa’s in een biofilm. Een tweede component (3–70 s) 

was gerelateerd aan EPS, met een onderscheidende rol voor eDNA, 

welke een unieke hoofdcomponent representeerde met een 

tijdsinterval (10–25 s) binnen die van de EPS. Dit impliceerde dat 

eDNA de interactie met andere matrix componenten reguleerde om 

zijn bijdrage aan visco-elastische relaxatie door mechanische stress 

te controleren. 

In dit proefschrift hebben we een kwantitatieve relatie tussen 

stress-relaxatie tijdsintervallen en zowel biofilm structuur als 

penetratie van antimicrobiële middelen aangetoond. In Hoofdstuk 7 

werd een overzicht gegeven van de vorderingen die gemaakt zijn 

betreffende het kwalitatieve begrip van de ongevoeligheid van 

biofilms ten opzichte van de penetratie van antimicrobiële stoffen, 

dankzij de verbeteringen in microscopische technieken sinds de 

ontdekking van de microscoop in 17e eeuw door Antonie van 

Leeuwenhoek. De beperkingen die microscopische technieken met 
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zich meebrengen creëren de behoefte aan een fysische eigenschap, 

die gerelateerd kan worden aan biofilm structuren. Wij hebben 

gesteld dat visco-elastische relaxatie onder externe stress 

gerelateerd is aan de penetratie van antimicrobiële stoffen, 

onafhankelijk van de groei condities, enkel- of meer-soortige biofilm, 

of de antimicrobieel stof. Dankzij het werk beschreven in dit 

proefschrift is visco-elastische relaxatie de eerste fysische 

eigenschap die de penetratie van antimicrobiële stoffen adequaat 

beschrijft. Daarnaast konden belangrijke componenten van de biofilm 

matrix bepaald worden met behulp van kwantitatieve beoordeling van 

visco-elastische relaxatie. Ten slotte werden de mogelijkheden voor 

het gebruik van bio-akoestiek bij de behandeling van klinische 

biofilms besproken, waarbij onze kwantitatieve resultaten werden 

gekoppeld aan de huidige opvatting dat geluidsgolven de efficiëntie 

van antimicrobiële stoffen kunnen vergroten. 

Samenvattend, is in dit proefschrift aangetoond dat er een 

verband is tussen de eigenschappen van de initieel hechtende 

bacteriën in een biofilm en de uiteindelijke eigenschappen van de 

biofilm. Stress-relaxatie van biofilms kon beschreven worden met 

drie Maxwell elementen en relateerde met de structuur en penetratie 

van antimicrobiële stoffen. eDNA had een onderscheidende rol in 

biofilm stress-relaxatie, waardoor het een primair doel is voor 

toekomstig onderzoek naar bio-akoestische behandelingen. Voorts 

werden de tijdsintervallen gebruikt om een onderscheid te maken 

tussen Maxwell elementen en hun associatie met biofilm structuur en 

penetratie van antimicrobiële middelen. Deze tijdsintervallen zouden 

kunnen worden omgezet naar frequenties waardoor bio-akoetische 

behandeling een bruikbaar instrument wordt om de structuur van 
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biofilms te veranderen. Een potentieel succesvolle behandeling van 

biofilms zou het gebruik van antimicrobiële stoffen combineren met 

een frequentie die de biofilm laat resoneren en toegankelijker maakt 

voor antimicrobiële stoffen, terwijl het omliggende weefsel 

onaangetast blijft. 
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