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BIOFILMS 

 
Biofilms are microbial communities consisting of microbial cells surrounded by 

extracellular polymeric matrix (EPS) (6).  Biofilms are a preferred way of microbial 

existence as they provide protection to the cells against physical forces and chemical 

attacks, and provide higher chances of survival in a low-nutrient environment. 

Biofilms can form on surfaces and interfaces. Biofilm formation is beneficial in some 

cases (wastewater treatment, biochemical production) (24, 25), but in others it poses 

severe problems (equipment fouling, generation of harmful metabolites) (6). 

Consequences of biofilm formation are especially noticeable and harmful in 

medically-related fields as human lives and quality of life are directly affected.  

 

 
 
Figure 1. A graphic representation of a biofilm with a mushroom-like structure 
(adapted from a schematic by P. Dirckx, Center for Biofilm Engineering, Montana 
State University; permission for use was granted).  
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In medically-related fields, biofilms play an important role in the development 

and persistence of infectious diseases (7). More than 60% of the bacterial infections 

currently treated by physicians in developed countries occur due to biofilm formation 

(11). Oral biofilms are known to cause dental caries and periodontitis (21). Aquatic 

bacteria Pseudomonas aeruginosa can colonize lower respiratory tract and instigate 

cystic fibrosis pneumonia (15). In clinical nephrology, biofilms influence the 

development of kidney stones and affect dialysis systems, including peritoneal and 

central venous catheters (20). Fungus Candida albicans, present in human 

gastrointestinal and genitourinary tract, and in smaller amounts on human skin, can 

cause candidiasis, vaginitis and candidaemia in immunocompromised patients (2).  

Biomaterial-related infections occur when microorganisms inhabit medical devices, 

such as catheters, prostheses and heart valves. Most frequently isolated species 

from infected biomaterial surfaces are Staphylococcus epidermidis, Staphylococcus 

aureus, other pathogens include P. aeruginosa, Escherichia coli, Enterococcus, 

Streptococcus, Bacillus, and Proteus species (13). A summary of human infections 

involving biofilms is presented in Table 1. 

In order to be able to model biofilm behavior and, potentially, control biofilms 

formation, it is necessary to know the mechanical properties of biofilms. Mechanical 

properties influence how biofilms respond to external forces, cell detachment and 

dispersal from biofilms and mass transfer into biofilms.  

 
 



Chapter 1 
 
 

12 

Table 1. Partial list of human infection involving biofilms (adapted from  References 
7, 11). 
 
Infection or disease Common species involved 
Dental caries 

Periodontitis 

Musculoskeletal infections 

Biliary tract infections 

Osteomyelitis 

 

Native valve endocarditis 

Cystic fibrosis pneumonia 

Infectious kidney stones 

 

Biomaterial-related infections 
Contact lenses 

Mechanical heart valves 

Vascular grafts 

Arteriovenous shunts 

Cerebral spinal fluid shunts 

Endovascular catheters 

Urinary catheters 

Orthopedic prostheses 

Intrauterine devices 

Acidogenic Gram-positive cocci 

Gram-negative anaerobic oral bacteria 

Gram-positive cocci 

Intestinal bacteria 

S. aureus, Enterobacter or Streptococcus 

species 

S. aureus, Streptococcus species 

P. aeruginosa, Burkholderia cepacia 

Gram-negative rods 

 

 

P. aeruginosa, Gram-positive cocci 

S. aureus and S. epidermidis 

Gram-positive cocci 

S. aureus and S. epidermidis 

S. aureus and S. epidermidis 

S. aureus and S. epidermidis 

E. coli, Gram-negative rods 

S. aureus and S. epidermidis 

Actinomyces israelii, fungal species 

 

OVERVIEW OF PAST RESEARCH ON BIOFILM MECHANICS 

 
First reported study of biofilm mechanical properties was performed by Characklis 

(3). He conducted rheological measurements with Weissenberg rheogoniometer on 

in situ, mixed population biofilm. Weissenberg rheogoniometer is a cone-and-plate 

rheometer capable of measuring both viscous and elastic responses of polymers. 

The tangential force caused by resistance to flow when the cone turns with respect to 
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the plate is a measure of the viscous flow. The normal force perpendicular to the 

plane of rotation represents elasticity. Biofilms were grown on the plates, placed in 

the instrument and subjected to oscillating shear. Characklis (5) reported that biofilms 

exhibited viscoelastic behavior similar to the behavior of a cross-linked protein gel 

with the same water content as the biofilms.  

Viscoelasticity is the property of materials that exhibit both viscous and elastic 

behavior when undergoing deformation. Elastic behavior is typical to solids. Within 

limits, solids obey Hooke’s law, which states that stress is directly proportional to 

strain. Stress is defined as the force divided by the area over which it is applied. 

Strain is defined as the relative deformation. Elastic materials regain original shape 

upon removal of applied forces. Viscous behavior is typical to fluids. Under applied 

forces viscous materials flow and do not regain shape when applied forces are 

removed. Upon application of force, viscoelastic materials show immediate elastic 

deformation followed by time dependent flow also called creep (12). When biofilms 

are subjected to forces, they behave elastically over short periods of time (seconds) 

and there is a nonlinear relationship between applied force and resulting strain, while 

deformations are reversible. At high deformations, biofilms show viscoelastic 

behavior by resisting applied forces and displaying irreversible deformation (16, 17, 

31, 32, 34).    

Measurements of biofilms mechanical properties and the interpretation of the 

results are complicated due to the structural and biological heterogeneity of biofilms, 

usually containing multiple species of microorganisms and complex networks of 

channels and voids. Currently, no standard method for measuring mechanical 

properties of all types of biofilms has been invented. However, in attempt to quantify 

biofilms mechanical properties, numerous methods have been used (Table 2).  
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Work of Characklis was followed by Ohashi and Harada (27), who studied 

tensile and shear adhesion strength of denitrifying biofilms. Tensile force was created 

by centrifugation of biofilm-attached plates, while shear force was generated by 

colliding biofilm-attached plates by gravity. They reported that both biofilm tensile and 

shear adhesion strengths declined with biofilm age. The weakest place of the biofilms 

was at the substratum interface. Shear strength was two orders of magnitude higher 

that tensile strength. Ohashi (28) developed a tensile test device for measuring 

tensile strength of denitrifying biofilms. They concluded that biofilm tensile strength 

was independent of biofilm density and EPS content. They also found a strong 

correlation between biofilms elastic coefficients and their tensile strength, suggesting 

that biofilms can be considered as elastic materials. Stoodley (33) conducted stress-

strain and creep experiments on mixed and pure culture biofilms using controlled 

fluid shear in combination with digital time lapse microscopy. They confirmed 

Characklis’s findings that biofilms possessed viscoelastic properties and discovered 

that biofilms behaved like elastic and viscoelastic solids below the shear rate at 

which they were grown but behaved like viscoelastic fluids at higher shear rates. In 

another study, Klapper and co-workers (14) demonstrated again that biofilms are 

viscoelastic fluids with irreversible flow at long deformation times with elastic and 

viscoelastic recovery, which can be modeled as Jeffreys viscoelastic fluids. Biofilm 

shear strength was studied using cone and plate rheometer by Towler and 

colleagues (34), who showed that biofilms had behavior typical to viscoelastic fluids 

and used a 4-element linear viscoelastic Burger to model it.  

Strength of adhesion between biofilms and surfaces was measured by Chen 

and co-workers (4). They used a micromanipulator on the biofilms of P. fluorescens 

and found that adhesive strength was affected by growth conditions, namely pH, 
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nutrient concentration, surface roughness, age, and, most important, fluid shear at 

growth. Biofilms grown at higher shear adhered stronger to the surface.   

In addition to shear and tensile testing, compression testing was used in 

biofilm mechanics. Korstgens and co-workers (16, 17) used an uniaxial compression 

measurement device to study mechanical behavior of P. aeruginosa biofilms. They 

measured biofilms until their failure point and derived biofilm apparent modulus of 

elasticity and yield strength from their experiments. They also confirmed that biofilms 

were viscoelastic materials and showed that yield strength and modulus of elasticity 

are influenced by addition of calcium ions. 

Cohesive strength of biofilms was measured by Poppele and Hozalski (30) 

with the micro-cantilever method, by Ahimou and colleagues (1) with atomic force 

microscopy (AFM) and by Mohle and colleagues (22) with fluid dynamic gauging. 

Poppele and Hozalski obtained a range of values for cohesive strength of activated 

sludge, which were much higher than those measured by Ahimou and colleagues. 

Ahimou et al. showed that calcium ions influenced cohesive strength of biofilms. 

Mohle et al. used activated sludge biofilms for their tests and reported values 

intermediate of those of Poppele and Hozalski and Ahimou et al., which were 200 to 

1,100 higher than shear forces at biofilm growth.  

Several attempts were made to model biofilm mechanical behavior. Picioreanu 

and colleagues (29) used a two-dimensional model for biofilm growth and 

detachment to evaluate the effect of detachment on biofilm structures. Their model 

generated a variety of realistic biofilm-formation patterns. They showed that erosion 

(small-particle loss) made the biofilm surface smoother, and sloughing (large-

biomass-particle removal) increased surface roughness. Their results showed that 

biofilm sloughing was affected by its strength and shape and suggested that 
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sloughing could be minimized by application of high liquid shear and making sure 

that biomass growth rates were low. Laspidou and colleagues (18, 19) used an 

unified multi-component cellular automation model (UMCCA) with finite element 

analysis to model mechanical properties of biofilms. The UMCCA model represents 

biofilms in terms of three solid species: active bacteria, inert biomass and 

extracellular polymeric substances (EPS). It also includes original donor substrate, 

two types of soluble microbial products (SMP) and oxygen and introduces 

consolidation due to a fluid flow. The UMCCA model was used to describe biofilm 

mechanical behavior under tension and shear taking into consideration variations in 

time and space. 

 
Table 2. Chronological summary of studies on biofilm mechanics. 
 

Technique 
description 

 

Biofilm type Advantages Disadvantages 

 
Weissenburg 
rheogoniometer (3) 
 
 
 
 
Tensile and shear 
strength by 
centrifugation and 
collision forces (27) 
 
 
Tensile test (28) 
 
 
 
Two dimensional 
model of biofilm 
detachment (29) 
 
 
 
 

 
Mixed 
population 
biofilm 
 
 
 
Denitrifying 
mixed culture 
biofilm 
 
 
 
Denitrifying 
mixed culture 
biofilm 
 
Denitrifying 
mixed culture 
biofilm 
 
 
 
 

 
Direct 
measurements; 
applicable to 
many types of 
biofilms 
 
Tensile and shear 
strength were 
distinguished and 
measured 
separately 
 
Provided values 
for biofilm tensile 
strength 
 
Allowed 
predictions of 
biofilm structure 
and detachment 
caused by fluid 
shear 
 

 
Compressive and shear 
force was applied at the 
same time 
 
 
 
Tensile and shear forces 
were estimated 
 
 
 
 
Tensile forces stress 
could only be  estimated 
 
 
Biofilms were 
approximated as elastic 
homogeneous isotropic 
ductile materials; input 
values for model were 
taken from the literature 
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Regulated fluid flow 
combined with digital 
microscopy 
(14, 33) 
 
 
 
 
 
Uniaxial 
compression 
measurement device 
(16, 17) 
 
 
 
 
Rheometer (34) 
 
 
 
 
 
 
 
 
Micro-cantilever 
method (30) 
 
 
 
 
Modeling with 
UMCCA  (19) 
 
 
 
 
Micromanipulator (4) 
 
 
 
 
 
AFM (1) 
 
 
 
 

 
Environmental 
mixed culture 
biofilm 
 
 
 
 
 
 
P. aeruginosa 
 
 
 
 
 
 
 
Mixed species 
biofilm 
 
 
 
 
 
 
 
Activated 
sludge 
 
 
 
 
Aerobic 
heterotrophic 
biofilms 
 
 
 
P. fluorescens 
 
 
 
 
 
Activated 
sludge 
 
 
 

 
Direct in situ 
observation of 
biofilm 
deformation by 
shear; accurate 
monitoring of 
dimensional 
changes 
 
Direct 
measurement of 
yield strength 
 
 
 
 
 
Direct 
measurement of 
creep recovery; 
allows 
determination of 
shear modulus 
and viscous 
coefficients 
 
Direct 
measurement of 
cohesive strength 
 
 
 
Predicted biofilm 
structure and 
mechanical 
properties 
 
 
Direct 
measurements of 
forces required to 
remove biofilms 
from surfaces 
 
Availability of 
AFM, very little 
disturbance of a 
sample 
 

 
No direct measurement 
of shear stress, instead 
calculated theoretical 
wall shear for smooth 
pipes was used 
 
 
 
 
Viscous paraffin was 
poured on biofilms to 
allow slippage between 
sample surface and 
moving plate. Paraffin 
changes biofilm 
properties. 
 
Potential overestimation 
of shear modulus due to 
testing setup; 
measurement of 
rheological properties of 
test solution in addition 
to biofilms 
 
 
The area of force 
application was not 
known, which leads to 
over- or under-
estimation of strength 
 
Needed experimental 
input data; method does 
not apply to biofilms with 
major ecological 
diversity 
 
Measured adhesive 
strength is affected by 
the speed of scrapper 
 
 
 
Test scale is too small 
for many biofilms 
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Fluid dynamic 
gauging (22) 
 

 
Activated 
sludge 
 

 
Estimates 
cohesive 
strength; 
applicable for 
various types of 
biofilms 
 

 
No direct measurement 
of shear stress, instead 
it was estimated from 
analytical solution for 
centripetal flow 
 

 
Biofilms studies showed that biofilm strength was affected by increased EPS 

production (10), EPS chemistry (35) and presence of divalent cations (16, 26), 

growth medium (23), hydrodynamic conditions during growth (9, 32) and quorum 

sensing (8). However, majority of the studies were conducted with environmental 

biofilms. Mechanics of medically-relevant biofilms received less attention, despite 

their great importance in affecting human quality of life. The aim of this work was to 

study the influence of biological and environmental factors on the strength of 

medically-relevant biofilms, with a hope that in the future the results of this work can 

be used to improve current methods or invent new techniques for biofilm disposal. 

Biofilm mechanics were studied using low-load compression testing technique 

(LLCT), which directly measures the resistance of biofilms to compression and allows 

for accurate determination of biofilm thicknesses. Additionally, phase contrast and 

confocal laser scanning (CLSM) microscopy was used to evaluate biofilms structure 

and composition. 
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THICKNESS 
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INTRODUCTION 

 
Biofilms are microbial communities consisting of microorganisms surrounded by an 

extracellular polymeric matrix (EPS). Biofilms are a preferred way of microbial 

existence as they provide protection against existing physical forces and chemical 

attack, if necessary. Formation of a biofilm is desirable in some cases (wastewater 

treatment, biochemical production), whereas in others it poses severe problems 

(marine equipment fouling, biomaterial-related infections). Being able to quantitatively 

describe biofilms, for instance in terms of volume, wet weight, number of species 

present, or thickness allows for better systems engineering, and reduction of 

damages and operational costs. Biofilm thickness is especially important for 

calculation of heat exchange or diffusion rates of antimicrobials or nutrients through a 

biofilm (4, 15) and evaluation of their mechanical properties (9, 10). 

Several destructive and non-destructive methods are available for biofilm 

thickness measurements. Destructive methods like scanning electron microscopy (5) 

and cryoembedding (2) require extensive dehydration or freezing, leaving the biofilm 

unsuitable for any further measurements. Additionally, dehydration may lead to 

underestimation of the biofilm thickness due to shrinkage. Non-destructive optical 

methods available are light microscopy (1), scanner with image acquisition system 

(13), laser triangulation sensor (14), confocal laser scanning microscopy (CLSM) (16) 

and two-photon excitation microscopy (17), which uses visible, laser or infrared light 

to elucidate the 3D structure of a biofilm. For light microscopy, the refractive index of 

a biofilm is required, which is mostly assumed to be that of water (1). However, the 

accuracy of the method suffers when thick and dense biofilms with low water content 

are in question.  The application of the scanner method is limited to biofilms of 100 
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µm or less because for thicker biofilms it is difficult to obtain reliable measurements 

without destroying them (13). Furthermore, thickness measurements obtained with 

light microscopic techniques were used to calibrate the scanner method introducing 

possible errors. The laser triangulation sensor is a fast and non-destructive 

instrument to evaluate biofilm thicknesses but significant errors in the measurements 

are possible due to the presence of a film of water on the biofilm surface leading to 

the occurrence of stray light from the deeper layers of the biofilm. Optical techniques 

like CLSM, requiring staining of the biofilm with fluorescent dyes, are limited by the 

(in)ability of the dyes to penetrate the depth of the biofilm, and are subject to a 

fluorescent bleaching of a sample. Good quality CLSM images are only possible for 

biofilms up to about 70 µm thick (7). Two-photon excitation microscopy allows 

imaging of thicker biofilms up to 350 µm, due to improved spatial localization, deeper 

sectioning of the samples and reduced fluorescent bleaching (8). However, two-

photon excitation microscopy remains expensive. Magnetic resonance imaging (MRI) 

(12) is another non-destructive technique, but it also requires an elaborate setup and 

expertise. Therefore a need is felt for a simple, non-destructive, accurate, and 

inexpensive method to measure biofilm thickness. 

In this study we describe a new mechanical method to measure the biofilm 

thickness non-destructively. The method is based on the principle of uniaxial 

compression and the device is called a low load compression tester (LLCT). The 

device is relatively simple, inexpensive, and can be assembled in-house. It consists 

of a linear positioning stage and electronic analytical balance fixed on a stable granite 

base and interfaced to a computer for control, signal acquisition and data analysis. 

During measurement, the biofilm is kept in its physiological, hydrated state, which is 
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one of the main advantages of the method, and the force induced on the biofilm while 

it is squeezed during uniaxial compression is recorded by the acquisition system.  

We considered a wide variety of yeast and bacterial biofilms to measure 

thicknesses with the new LLCT method. The thickness values obtained with LLCT 

were compared with values obtained with CLSM. For CLSM analysis, bacterial and 

yeast biofilms were stained with LIVE/DEAD BacLight, FUN1, and CalcoFluor, and 

images were taken over the depth of the biofilm. Images were analyzed with 

COMSTAT software (7) to determine the biofilm thickness and maximum depth to 

which CLSM technique can be applied.    

 
MATERIALS AND METHODS 

 
Microbial  strains, growth conditions and harvesting 

Streptococcus oralis J22, Pseudomonas aeruginosa SG81, Enterococcus faecalis 

BS385 and BS1037 (3, 9, 18) grown on blood agar plates, were used to inoculate 10 

ml growth medium (Table 1) and allowed to grow for 24 h at 37˚C in ambient air. This 

culture was used to inoculate a 100 ml main culture which was grown for 16 h. Cells 

were harvested by centrifugation and washed twice with sterile buffer (Table 1). S. 

oralis J22 forms chains and aggregates and hence these bacteria were sonicated on 

ice for 30 s at 30 W (Vibra cell model 375, Sonics and Materials Inc., Danbury, 

Connecticut, USA). Cooling on ice was done to ensure that the cells did not lyse. 

Following centrifugation and sonication, bacteria were resuspended in buffer for 

further use. 

 Candida albicans MB02, MB10 (11), and SC5314 (ATCC MYA-2876) grown 

on TSB (OXOID,  Basingstoke, UK) agar plates were used to inoculate a 10 ml batch 

culture, which was grown at 30˚C for 16 h in ambient air while shaking at 120 rpm. 



 

 

Table 1. Growth and harvesting conditions, suspending liquid and suspension density for the microbial strains used in the study. 
 
 
Microorganism 

 
Growth Medium 

 
Centrifugation 

 
Buffer 

Suspension 
density 

S. oralis J22 Todd Hewitt Broth (THB, OXOID, 
Basingstoke, UK) 

10,000 x  g 
3 x 5 min 

10°C 

Adhesion buffer (KCl 3.73 g/l, 
K2HPO4 0.174 g/l, KH2PO4 

0.136 g/l, CaCl2.2H2O 0.147 g/l, 
pH 6.8) 

3x108 cells/ml 

P. aeruginosa 
SG81 

Pseudomonas Isolation Broth 
(PIB) (Bactopeptone 20 g/l, 

K2SO4 10 g/l, MgCl2 
. 6H2O 1.4 

g/l, Triclosan 0.025 g/l, Glycerol 
25.2 g/l, pH 7.0) 

10,000 x g 
3 x 5 min 

10°C 

0.14 M NaCl 2x108 cells/ml 

E. faecalis 
BS385 and 
BS1037 

Tryptic Soya Broth (TSB, OXOID,  
Basingstoke, UK) 

6,500 x  g 
3 x 5 min 

10°C 

10 mM Potassium phosphate 
buffer (K2HPO4 0.87 g/l, 

KH2PO4 0.68 g/l) 

3x108 cells/ml 

Tryptic Soya Broth (TSB, OXOID,  
Basingstoke, UK) 

C. albicans 
SC5314, MB02, 
MB10 

For biofilm growth: Yeast 
Nitrogen Base (YNB, DifcoTM 
without amino acids, Becton 
Dickinson, Sparks MD, USA) 

5,000 x g 
1 x 10 min 

10°C 

Phosphate-buffered saline 
(PBS) (NaCl 8.76 g/l, K2HPO4 
0.87 g/l, KH2PO4 0.68 g/l, pH 

7.0) 

1x107 cells/ml 
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Yeast were harvested by centrifugation, washed once with sterile buffer and 

resuspended in buffer. Growth medium, buffer, centrifugation forces, and 

resuspension densities are summarized in Table 1 as well.    

 
Biofilm growth 

Biofilms were grown using three different methodologies. First, S. oralis J22 and P. 

aeruginosa SG81 biofilms were grown at a solid-liquid interface in a parallel plate 

flow system under constant shear (3). A parallel plate flow chamber with dimensions 

of 17.5 cm by 1.6 cm by 0.075 cm was used to grow biofilms on glass slides (Menzel-

Glaser, Germany). A microbial suspension was perfused through the system under 

hydrostatic pressure in order to create a pulse free flow, as described before in detail 

(3). Flow chamber and glass slides were washed with a detergent, 2% RBS 35 

(Omnilabo, Breda, The Netherlands), thoroughly rinsed with tap water and 

demineralized water and sterilized by autoclaving. Flow started with passing of 

adhesion buffer (for S. oralis J22) or 0.14 M NaCl (for P. aeruginosa SG81) during 

half an hour at a shear rate of 7.3 s-1 for temperature (37°C) and flow to stabilize. The 

bacterial suspension was then allowed to pass through the flow chamber till a surface 

coverage on the bottom glass plate of 1 x 106 cells cm-2 was achieved. The flow 

chamber was again rinsed for half an hour with adhesion buffer in order to remove 

non-adhering bacteria. Growth medium was then introduced to the system (10% THB 

in adhesion buffer for S. oralis J22; 10% PIB in 0.14 M NaCl for P. aeruginosa SG81) 

at the same shear rate of 7.3 s-1. The cultures were allowed to grow at 37˚C for 36 h 

(S. oralis) and 64 h (P. aeruginosa) to form biofilms. The flow chambers were rinsed 

with buffer before removing the glass slides with biofilms. 

As a second way of growing biofilms at the solid-liquid interface, E. faecalis 

BS385, E. faecalis BS1037, and C. albicans biofilms were grown on 1.5 x 1.5 cm 
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polymethylmethacrylate (PMMA) slides in 12-well tissue culture plates. Prior to 

growing candida biofilms, the slides were coated with 50% fetal bovine serum for at 

least 30 min to enhance adhesion (11), washed once with PBS, and placed into the 

wells. Three ml microbial suspension was added to each well and cells were allowed 

to adhere at 37˚C while rotating at 60 rpm. Microbial suspensions were removed after 

1.5 h and the slides were washed with buffer. Biofilm growth was propagated by 

adding 3 ml per well of TSB with 0.5% glucose (w/v) (E. faecalis) or yeast nitrogen 

base with 50mM glucose pH 7.0 (C. albicans) and incubated at 37˚C for 48 h (E. 

faecalis) or for 16-72 h (C. albicans), also under rotation (60 rpm). Afterwards, the 

medium was discarded and biofilms were washed once with buffer. 

In the last methodology applied here to generate biofilms, P. aeruginosa 

SG81, E. faecalis BS385, E. faecalis BS1037, and S. oralis J22 biofilms were grown 

statically at the solid-air interface on a Millipore filter (HTTP04700) with a pore size of 

0.45 µm. For P. aeruginosa SG81, 1 ml of bacterial solution with cell density of 1 x 

108 cells ml-1 was filtered through a sterile filter. The membrane filter covered with 

bacteria was placed on the surface of PIB agar plates. After incubation for 24 h at 

37oC, a confluent and mucoid bacterial lawn was obtained on the surface of the 

membrane filter. For E. faecalis BS385, E. faecalis BS1037, and S. oralis J22, 

suspensions were diluted to 3 x 108 cells ml-1 and 10 ml was filtered through the 

membrane filter. The filters covered with bacteria were placed on TSB agar plates 

and incubated for 72 h at 37oC. 

 

CLSM analysis 

All images were acquired with Leica TCS SP2 confocal laser scanning microscope 

(Leica Microsystems Heidelberg GmbH, Heidelberg, Germany) with beam path 
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settings for FITC- and TRITC-like labels. Stacks of images were obtained with a 40x 

water objective lens. For imaging bacterial biofilms, biofilms were stained with 

LIVE/DEAD BacLight stain (Molecular Probes, Eugene, OR, USA) and incubated at 

room temperature in the dark for 15 min. Yeast biofilms were stained with FUN1 

(Molecular Probes Eugene, OR, USA) viability stain and CalcoFluor (Sigma, MO, 

USA) and incubated at room temperature in the dark for 45 min according to the 

manufacturer’s staining protocol. In addition to FUN1 and CalcoFluor, C. albicans 

SC5314 biofilms were also stained with LIVE/DEAD BacLight stain. The images were 

analyzed by COMSTAT software (7). For COMSTAT analysis, CLSM files were 

converted into TIF format and manually thresholded by the user in order to convert 

color images into black-and-white, which could be analyzed by COMSTAT software 

to yield the mean biofilm thickness from the stacks of images.   

 
LLCT analysis 

Biofilm thicknesses were measured in a low load compression tester (LLCT), as 

schematically shown in Fig. 1. The LLCT apparatus consists of a linear positioning 

stage (Intellistage M-511.5IM, Physik instrumente, Karlsruhe, Germany) connected to 

a cylindrical moving upper plate with a diameter of 2.5 mm. A bottom stationary plate 

is fixed to an automatic force compensating balance, shown in Fig. 1 as a load cell 

(SW 50/300, Wipotec, Kaiserslautern, Germany). Both the load cell and linear 

positioning stage were interfaced to a PC for data acquisition and control using 

LabVIEWTM 7.1 software. The movement of top plate and force registered by the load 

cell were stored in a text file for further analysis by MS Excel. During the 

measurements, the substratum with biofilm was carefully placed on the bottom plate 

and the top plate was moved downwards until it touched an area of the substratum 

that was cleaned from biofilm with a tissue. This height was recorded as the bottom 
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of the biofilm. In the second step, the top plate was moved laterally over an area of 

the substratum containing biofilm and then moved downwards until it touched the 

biofilm surface and this height was recorded as well. Subsequently, biofilm thickness 

was calculated from the difference between both heights. “Touch” of the biofilm 

surface was considered to occur during top plate’s downward motion, when the load 

had increased above a predefined value. To prevent drying out of biofilms, 

thicknesses were measured immediately after growth. Additionally, the apparatus 

was encased in a box to minimize evaporation.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Frontal view of the low load compression tester, showing the main 
components of the system. 
 
 
RESULTS 

 
During measurement, the upper cylindrical plate moves towards the bottom 

stationary plate, holding the substratum and biofilm, at a speed of 1 µm s-1. During 

 Linear Positioning stage 

Top plate
2.5 mm φ 

Load cell 

Bottom plate
60 x 55 mm 
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approach, the load on the plate is registered by the force compensating balance 

connected to the bottom plate, and is essentially zero until the plate touches the 

biofilm surface, at which point the load starts increasing. As soon as the predefined 

touch load value of 0.01 g (see below) is registered, movement of the upper 

cylindrical plate is stopped and the plate is withdrawn to avoid damaging the biofilm. 

Typical data output for the soft surface of a biofilm is shown in Fig. 2, and includes 

the load measured by the force compensating balance during the uniaxial 

compression and deformation inflicted on a biofilm. The biofilm thicknesses derived 

and their reproducibility depend on the correct definition of the touch load value. 

 

Figure 2. An example of data output during biofilm thickness measurements, with 
load (black symbols, left axis) and deformation (gray symbols, right axis) values.  
 
A touch load value of 0.01 g was chosen because at that load the interferences from 

the background noise and lateral displacement of water through biofilm could be 

avoided and  the  deformation  of  the  biofilm due to  compression, i.e.  the   

fractional change in biofilm thickness from initial contact to the touch load value 
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adapted, is generally less than 0.1%, as can be seen in Fig. 2. Moreover, a touch 

load of 0.01 g yielded good reproducibility of the heights measured and ten repeated 

measurements on the same spot of a cleaned substratum were identical within 0.08 

µm. Based on the above, a touch load value of 0.01 g was used throughout the 

remainder of this study for biofilm thickness determination.  

To demonstrate the applicability of LLCT to various types of biofilms, different 

growth conditions were  applied. For all conditions, the biofilm  thicknesses  derived 

from LLCT as described above, were compared with CLSM evaluations of biofilm 

thicknesses. Fig. 3 shows CLSM images of bacterial and yeast biofilms used in this 

study. The images show heterogeneities in surface coverage and thickness of the 

biofilms grown under different conditions. From the biofilm cross-sections it can be 

seen, that biofilms grown under constant shear were carpet-like (Fig. 3a), whereas 

biofilms grown under rotation showed mushroom-like structures and flow channels 

(Fig. 3b). Bacterial biofilms were considerably thinner than yeast biofilms. Dye 

penetration was complete through bacterial biofilms, as shown in Fig. 3a and 3b, 

and, incomplete through yeast biofilms, as can be concluded from the absence of a 

defined border between the yeast biofilms and the substratum in Figs. 3c and 3d.  

LLCT and CLSM thickness measurements were first compared for relatively 

thin bacterial biofilms of S. oralis J22, P. aeruginosa SG81 biofilms, grown in a 

parallel plate flow chamber, and biofilms of E. faecalis BS385 and BS1037 grown in 

tissue culture plate on PMMA under rotation. The average thicknesses of these 

bacterial biofilms by LLCT were between 23 µm and 117 µm, while by CLSM they 

ranged between 26 µm and 106 µm (Fig. 4a) which does not represent a statistically 

significant difference (p > 0.5, two-tailed Student t-test). 
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Figure 3. Confocal images of biofilms, scale bar represents 75 �m: 

a) S. oralis J22 grown in a flow chamber stained with LIVE/DEAD BacLight 
bacterial viability stain with the arrow pointing to carpet-like structures, 

b) E. faecalis BS1037 grown on PMMA stained with LIVE/DEAD BacLight 
bacterial viability stain with the arrow pointing to mushroom-like structures, 

c) C. albicans SC5314 grown on PMMA stained with FUN1 yeast viability stain, 
and 

d) C. albicans SC5314 grown on PMMA stained with CalcoFluor, demonstrating 
heterogeneous spatial distribution of the biofilms in x-z and y-z directions and 
limited stain penetration in yeast biofilms.   

 
 

Secondly, thicknesses of yeast biofilms grown in tissue culture plates on 

PMMA under rotation were compared. Biofilm thicknesses for overnight and three-

day old C. albicans SC5314, MB02, and MB10 ranged from 132 µm to 322 µm when 

measured with LLCT, but were significantly thinner (p < 0.00001, two-tailed Student t-

test) between 25 µm to 40 µm when measured by CLSM after staining with  FUN1 

(Figs. 4b and c). 
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Finally, the thicknesses of biofilms grown at solid-air interfaces as opposed to 

solid-liquid interfaces as described above, were compared for P. aeruginosa SG81, 

E. faecalis BS385 and BS1037, and S. oralis J22. The thicknesses measured using 

LLCT ranged from 61 µm to 292 µm. CLSM analysis was only possible for the 

biofilms of P. aeruginosa SG81, as the solid-air grown biofilms disintegrated upon 

application of the fluorescent dye. CLSM measurements showed that the biofilms of 

P. aeruginosa SG81 were only 34 µm thick, which was significantly less than found 

by LLCT.  

To determine the influence of fluorescent dyes and their penetration through 

yeast biofilms on CLSM biofilm thickness measurements, FUN1, LIVE/DEAD 

BacLight, and CalcoFluor (6), were applied. C. albicans SC5314, MB02, and MB10 

biofilms grown for 3 days on PMMA under rotating fluid flow had a thickness by 

CLSM of 30 µm to 40 µm when stained with FUN1 and of 64 µm to 120 µm when 

stained with CalcoFluor. CLSM thicknesses of C. albicans SC5314 stained with 

LIVE/DEAD BacLight were on average 100 µm. LLCT measurements however, 

indicated significantly thicker biofilms (p < 0.05, Student t-test). 

 
DISCUSSION 

 
We have developed a new, non-destructive method for measuring biofilm 

thicknesses, based on Low Load Compression Testing, which has several 

advantages over currently available techniques, such as CLSM analysis. Fig. 5 

compares all biofilm thicknesses measured using LLCT with those obtained by 

CLSM. For the bacterial biofilms less than 120 µm thick, there were no statistically 

significant differences in thicknesses measured and data points distributed close to 

the line of identity, but for yeast biofilms over 120 µm thickness, CLSM 
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underestimated the biofilm thickness as compared with LLCT, regardless of the 

fluorescent dye applied. 

The major advantage of the new method over CLSM is that it has no depth 

limitation and can be used for measuring a wide range of biofilm thicknesses, making 

it a superior technique in comparison to a microscopy where dye penetration, depth 

of focus, and photobleaching limit the application. Additionally, LLCT is more reliable 

because microscopy based techniques suffer from observer-bias in image selection. 

LLCT allows for the analysis of an almost two-orders of magnitude larger area 

compared to microscopic methods, which leads to more accurate determination of 

biofilm thickness.  

By comparison with other methods that are currently available for measuring 

biofilm thicknesses, LLCT also offers several advantages. First, the biofilm is kept in 

its physiological, hydrated state during measurements and is left intact for further 

studies because the compression during the tests is limited to less than 0.1% 

deformation. Second, the method can be used to measure thicknesses of the biofilms 

grown on solid-air interfaces where application of a dye destroys biofilm architecture, 

which impedes CLSM imaging. Third, the measurements are not as time and labor-

intensive as other methods, such as cryoembedding or laser triangulation sensor, 

and the results are available almost instantaneously. Fourth, the measurements done 

with LLCT are highly reproducible, since differences between measurements on 

same spot were less than 0.08 µm, which is significantly smaller than the thickness of  
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Figure 4. (a) Biofilm thicknesses of bacterial biofilms measured with LLCT (black) 
and CLSM (white), after LIVE/DEAD BacLight  staining for CLSM, (b) similar for yeast 
biofilms after FUN1 staining and (c) comparison of biofilm thicknesses of C. albicans 
strains measured with LLCT (black) against biofilm thicknesses obtained with CLSM 
after staining with FUN1 (white) and CalcoFluor (gray).  
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most of biofilms. The last major advantage is a relatively low cost of the system 

compared to other systems used, such as MRI or CLSM.  

 

 
Figure 5. Biofilm thicknesses measured using LLCT as a function of their 
thicknesses derived from CLSM. 
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INTRODUCTION 

 
Biofilms are populations of microorganisms embedded in an extracellular polymeric 

substance (EPS) (3). The biofilm mode of growth is beneficial for microorganisms as 

it provides a higher degree of stability compared to a planktonic existence and 

organisms within a biofilm are more resistant to environmental challenges (6), such 

as low-nutrient availability, high fluid shear, antibiotic and antimicrobial agents (5, 6, 

24, 28, 48). The formation of biofilms and the damage caused by them is a 

widespread problem, ranging from pipeline corrosion, biofouling of ship hulls and 

food-processing equipment to clinical infections, such as endocarditis and cystic 

fibrosis pneumonia (7, 13, 19, 40). Many of the clinical infections due to biofilms are 

implant-related and occur when microorganisms adhere to the surfaces of 

biomaterials used in, for example, prosthetic heart valves, voice prostheses, joint 

replacements, vascular grafts and urinary catheters (1, 2).  

Biofilms can consist of bacterial or fungal species or a mixture of both. For 

instance, in case of vascular catheter-related infections or voice prosthetic biofilms, 

the most commonly isolated microbial species are Gram-positive Staphylococcus 

epidermidis and S. aureus, and the fungus Candida albicans (31), in addition to 

streptococci found on voice prostheses. Numerous studies have been carried out to 

investigate bacterial biofilms and their role in infection (22, 23), but fungal biofilms 

have been given much less attention, despite the fact that they rank number four in 

frequency among species causing bloodstream infections (25). C. albicans is the 

most frequently isolated fungal species in clinical infections. Other Candida species, 

such as C. tropicalis, C. parapsilosis, C. dubliniensis, which are comparatively less 

pathogenic than C. albicans, recently emerged as clinically important pathogens (42).  
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Most Candida species grow as unicellular yeast but they are also capable of 

producing multicellular filamentous forms of growth, pseudohyphae and 

pseudomycelium. Two species, C. albicans and C. dubliniensis, can form true 

hyphae (9). The morphological transition from the yeast to the hyphal growth form is 

an important factor in virulence (29) and biofilm formation (33). Temperatures above 

35°C and pH of 6.5 to 7 are known to be favourable for germ tube formation, while 

also serum and Lees medium can induce hyphal growth (6). At a high cell density of 

106 cells ml-1 or above, hyphal formation is suppressed. This cell-density dependent 

effect is known as the inoculum size effect (31) and resembles quorum sensing (QS) 

in bacteria. Farnesol is a signalling molecule involved in QS in C. albicans (23). A 

two-component histidine kinase, Chk1p, has been implicated in the farnesol 

mediated response (28).  

It remains unknown what role hyphae play in maintaining fungal biofilm 

integrity. Studies on the role of morphogenesis in the development and pathogeneity 

of C. albicans biofilms demonstrated that hyphal-defective mutants colonized 

polyurethane catheters poorly (34) and were unable to inhabit plastic surfaces and 

form biofilms (26). In another study, biofilms of a yeast-negative mutant did not 

produce any yeast cells and were easily detached from catheter disks, while biofilms 

of hypha-negative mutant were thin and densely-packed with yeast cells (3). In our 

experience while working with C. albicans biofilms, we observed that mature biofilms 

of a strain lacking both copies of CHK1 were more resistant to washing. This 

prompted a further investigation into the factors that influence mechanical properties 

of C. albicans biofilms, which so far have received no attention. Mechanical 

properties are important for selection of treatment or dispersal of biofilm organisms 

due to a bodily fluid flow. In general, the mechanical properties of a biofilm determine 
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the deformation of a biofilm due to an applied force, such as shear originating from 

blood or urinary flow. Strength is one of the parameters used to describe mechanical 

properties. It is defined as a material’s ability to resist applied forces. Increased fluid 

shear (18, 36), presence of divalent cations (Ca2+) (24), increased EPS production 

(19), EPS composition (40) and quorum sensing (12) are known to affect the strength 

of bacterial biofilms. For fungal biofilms, the factors affecting biofilm strength still 

remain to be determined.  

EPS production and composition is known to play important role in maintaining 

integrity of bacterial biofilms (22). EPS consists of polysaccharides, proteins and 

extracellular DNA (eDNA). Polysaccharides represent the most abundant and widely 

studied component of bacterial EPS. Proteins in EPS have been studied less and it 

has been suggested that they serve to hold bacteria in a biofilm together via 

aggregation. Very little is known about role of eDNA in fungal biofilms. Extracellular 

DNA can be released into EPS by cells or can occur as a result of cell lysis. Recently 

it has been shown that DNaseI can dissolve established bacterial biofilms (23). For 

fungal biofilms, the composition and role of EPS in maintaining biofilm integrity has 

been studied less compared to bacterial biofilms. Al-Fattani and Douglas (1) have 

shown that EPS of C. albicans and C. tropicalis consists mostly of polysaccharides 

(30-41%) with a small amount of protein (3-5%). Upon application of DNaseI, biofilms 

of C. albicans can be only partially detached from surfaces. In a manner similar to 

bacterial biofilms, Candida EPS is known to play an important role in drug resistance.    

In this study, biofilms of mutant chk1/chk1 (Chk24), the gene-reconstructed 

chk1/CHK1 (Chk23) and wild type CHK1/CHK1 (Caf2-1) C. albicans strains were 

subjected to compression forces in a uniaxial low load compression tester (LLCT) 

(21) along with two non-albicans Candida species, C. tropicalis and C. parapsilosis 
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isolated from used voice prostheses. Effects of increasing the shear during growth 

were evaluated only for C. albicans Caf2-1. LLCT evaluates the resistance of biofilms 

to compression and allows for accurate determination of biofilm thicknesses. In 

addition, cell morphologies within the biofilm, cell surface hydrophobicities, and EPS 

composition, were determined. 

 
MATERIALS AND METHODS 

 
Microbial strains, growth conditions and biofilm formation 

C. albicans Caf2-1 (CHK1/CHK1), Chk24 (chk1/chk1) and Chk23 (chk1/CHK1) (19), 

C. tropicalis GB 9/9 and C. parapsilosis GB 2/8 grown on Tryptone Soya Broth (TSB, 

OXOID, Basingstoke, UK) agar plates were used to inoculate 10 ml Yeast Nitrogen 

Base (YNB, DifcoTM without amino acids, Becton Dickinson, Sparks MD, USA) 

containing 50 mM glucose, prepared according to manufacturers instructions with pH 

set to 7.0 using KOH. Cultures were grown at 30˚C for 16 h in ambient air while 

shaking at 120 rpm. Cells were harvested by centrifugation at 5,000 x g for 10 min, 

washed once and resuspended in sterile phosphate-buffered saline (PBS, NaCl 8.76 

g l-1, K2HPO4 0.87 g l-1, KH2PO4 0.68 g l-1, pH 7.0). 

Biofilms were grown on 1.5 x 1.5 cm polymethylmethacrylate (PMMA) slides in 

6-wells tissue culture plates. Prior to growing biofilms, the slides were sterilized with 

70% ethanol, rinsed with sterile, demineralised water and coated with 50% fetal 

bovine serum (Sigma-Aldrich, USA) for at least 30 min to enhance adhesion (18), 

washed once with sterile PBS, and placed into the wells. Three ml of cell suspension 

with a density of 1 x 107 cells ml-1 in sterile PBS was added to each well and cells 

were allowed to adhere at 37˚C for 90 min while shaking at 60 rpm. The suspension 

was removed by aspiration and the slides were rinsed with PBS. Biofilm growth was 
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propagated by adding 3 ml per well of YNB pH 7.0 and incubated at 37˚C (or 30˚C in 

case of Caf2-1 grown at 30˚C) while shaking at 60 rpm for 72 h or 144 h. For 

increased shear-grown biofilms, biofilms of C. albicans Caf2-1 were incubated while 

shaking at 90 rpm for 72 h at 37˚C. Afterwards, the medium was discarded and 

biofilms were washed once with PBS. 

 
Low Load Compression testing 

Biofilm resistance against compression was measured during uniaxial compression 

in a low load compression tester (LLCT) (18) The LLCT apparatus consists of a linear 

positioning stage (Intellistage M-511.5IM, Physik Instrumente, Karlsruhe, Germany) 

connected to a cylindrical, moving upper plate with a diameter of 2.5 mm (Fig. 1). A 

stationary bottom plate is fixed to an automatic force compensating balance (SW 

50/300, Wipotec, Kaiserslautern, Germany). The positioning stage and the load cell 

are interfaced to a PC. LabVIEWTM 7.1 software is  used to  control  the  positioning 

 
 
Figure 1. Low load compression tester (front view) showing main components of the 
system. 
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stage and record the induced load. For biofilm thickness measurements, the 

substratum with biofilm was placed on the bottom plate and the top plate was moved 

downwards until it touched the area of the substratum without biofilm. This position 

was recorded as the bottom of the biofilm. In the second step, the top plate was 

moved downwards until it touched the biofilm and this position was recorded as well. 

Subsequently, biofilm thickness was calculated from the difference between both 

positions. For compression experiments, the biofilms were deformed at a rate of 1 

µm s-1 and both load and strain, defined as the fractional change in biofilm thickness 

from the initial contact point to the point where the plunger position was detected, 

were recorded. The induced load was normalized over the cross-sectional area of the 

plunger area to calculate the stress exerted, i.e. the force exerted per unit area of a 

biofilm. Biofilms were compressed until 0.5 (50%) strain was reached, at which point 

the compression was stopped because further deformation would only lead to 

compaction of the biofilms. Three measurements were taken for each independently 

grown biofilm and the average of three measurements was calculated and used for 

further analysis. Values of strain were plotted against corresponding values of stress 

to obtain stress-strain diagrams. These diagram help to acquire data about a 

material’s strength without regarding for its physical size or shape (16). The upper 

stress limit of a linear relationship between stress and strain in a stress-strain 

diagram was defined as the elastic limit. This limit was estimated at the point of 0.2 

strain (20% deformation). At this point, the modulus of elasticity (E) was calculated 

from Hooke’s law as follows: 

 ε
σ=E

                                                            (1) 
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Quantification of biofilm density  

PMMA slides with Candida biofilms were weighted, after which biofilms were scraped 

off the slides and the weights of the clean slides were measured. The difference 

between the two measurements yielded the wet weight of the biofilm. Subsequently, 

the biofilm density was calculated by dividing the biofilm wet weights by their volume 

(estimated as the area of the slide multiplied by biofilm thickness as determined from 

LLCT). 

 
Cell morphology counts 

Biofilms scrapings in PBS were subsequently vortexed for 2 min to break up the 

matrix. The resulting suspension was sonicated on ice 5 times for 30 s at 30 W to 

further break up biofilm clumps. Cooling on ice was done to prevent overheating and 

lysis. A cell suspension was placed into a Bürker-Türk counting chamber and the 

number of yeast and hyphal cell morphologies were counted using phase contrast 

microscopy (40x objective lens, Olympus BH-2, Japan). Hyphae-to-yeast ratios were 

calculated with a minimum of 150 cells counted per experiment. 

 
Hydrophobicity measurements 

Hydrophobicities of biofilms were assessed by water contact angle measurements. 

Biofilms grown on PMMA slides were air dried at room temperature, while measuring 

water contact angles as a function of drying time (6). Water contact angles became 

independent of drying time after 110 min, following which stable water contact angles 

could be established for at least another minute. A drop of water was placed on the 

surface of a biofilm and images were taken from the side using an Olympus MXR 

5010 mounted with a 160 mm 4x macro lens, from which contact angles were 

calculated using Contact Angle Measurement System Ver. 2.07 software (MT, RuG, 
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The Netherlands). Measurements were performed in triplicate with independently 

grown biofilms, with three water droplets measured on each biofilm. 

 

EPS analysis 

For determination of the proteins and eDNA content of EPS, EPS was isolated using 

a modification of a protocol, previously developed by Baillie and Douglas (1). Biofilms 

were scraped from PMMA slides into PBS. The solution was vigorously vortexed for 

3 min to disrupt the biofilms. Cell suspension was centrifuged at 5,000 x g for 10 min 

at 10°C and supernatant was collected for further analysis. The Quant-iTTM Protein 

Assay and dsDNA HS Assay Kits (Molecular ProbesTM, InvitrogenTM, the 

Netherlands) were used to quantify proteins and DNA amount according to the 

instructions. Measurements were performed in triplicate with independently grown 

biofilms, with two samples measured on each biofilm. Amounts of proteins and DNA 

measured were normalized per unit biofilm wet weight. 

Total polysaccharides in the EPS were quantified using the phenol-sulphuric 

acid method of Dubois et al. (12). Biofilms were scraped from PMMA slides into 1 ml 

of PBS. The suspension was mixed with 0.5 ml of 1M NaOH, vortexed and incubated 

while shaking at room temperature for 15 min. Further, the suspension was 

centrifuged at 10,000 x g for 5 min. Supernatant was collected and mixed with 100% 

ice-cold ethanol (0.5 ml supernatant to 1.5 ml of ethanol) and placed in the freezer for 

at least 30 min. After freezing, 1 ml of the sample was combined with 25 µl of 

aqueous 80% (v/v) phenol solution in a glass test tube to which 2.5 ml of 

concentrated sulphuric acid was rapidly added. The tubes were vortexed and the 

mixture was incubated at room temperature for 10 min followed by incubation in 

30oC water bath for 20 min. After cooling to room temperature for 5 min, 
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absorbances of the mixtures were measured at 490 nm (neutral polysaccharides). 

Measurements were performed in triplicate with independently grown biofilms, with 

two samples measured on each biofilm. Amounts of polysaccharides measured were 

normalized per unit biofilm wet weight. 

  
Statistical analysis 

Statistical analysis was performed using SPSS software (Statistical Package for 

Social Sciences, version 14.0.0, SPSS, Chicago, Illinois, USA). Before analysis, data 

was tested for distribution using Kolmogorov-Smirnov goodness of fit test. Post hoc 

multiple comparisons were performed to quantify differences between variables using 

Tukey test with a level of significance of p < 0.05.  

 
RESULTS 

 
Hyphal content of C. albicans biofilms ranged from 0 to 79%, depending on the 

growth conditions, and biofilms of C. tropicalis and C. parapsilosis were comprised of 

yeast cells only (Fig. 2). Hyphal content of C. albicans Caf2-1 biofilms slightly 

increased with higher shear and decreased in older biofilms. When the growth 

temperature of C. albicans Caf2-1 was reduced to 30°C, hyphal content dropped to 

zero. There was no change in hyphal content of C. albicans Chk24 biofilms over 

time.  

 Analysis of EPS content of the biofilms showed that polysaccharides content 

was significantly lower in six days old biofilm of C. albicans as compared to other 

biofilms studied (Fig. 3A). Proteins content of EPS was variable across the different 

fungal biofilms and highest for three days old C. tropicalis biofilms (Fig. 3B). The 

amount of eDNA was also variable across the biofilms and was higher in six days old 
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biofilms of C. albicans than in three days old biofilms. The eDNA content was highest 

for the C. albicans Caf2-1 grown at 30˚C.  
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Figure 2. Hyphal content of Candida biofilms. Error bars represent standard 
deviations over 9 independently grown biofilms.  
 
 

Stress-strain curves (Fig. 4) showed that biofilms containing hyphae were able 

to withstand higher compressive forces than biofilms without hyphae, while hyphae 

content was influenced by growth temperature, shear rate during growth and the 

specific strain involved.  
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Figure 3. Amounts of polysaccharides (A), proteins (B) and eDNA (C) in the EPS of 
Candida biofilms, normalized with respect to the biofilm’s wet weight. Error bars 
represent standard deviations over 9 independently grown biofilms.  
 
 
 

All biofilms, with exception of C. tropicalis had similar thicknesses ranging from 

150 to 340 µm. C. tropicalis and all C. albicans biofilms were hydrophobic with 

contact angles higher than 50 degrees. Biofilms of C. parapsilosis were hydrophilic 

(Fig. 5). Biofilms wet density was around 1 g cm-3, with exception of C. albicans 

Chk24 and C. parapsilosis, which had wet density of 1.25 g cm-3 (Fig. 5). However, 

none of these parameters showed a systematic variation with biofilm strength, as can 

also be seen from Fig. 5. 
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Figure 4. Averaged stress-strain curves for (A) biofilms of C. albicans containing 
hyphal cells and (B) biofilms of Candida strains without hyphal cells.  Note the 
different scales. Error bars represent standard deviation over 9 independently grown 
biofilms. 
 
 
 
DISCUSSION 

 
Hyphal content was found to be a determining parameter for the strength of fungal 

biofilms (Fig. 6). Biofilms with a high hyphal content were more resistant to 

compression and more difficult to disturb by vortexing and sonification, than biofilms 

with a lower hyphal content. The weakest biofilms consisted of yeast cells only. It 

appears that there was a linear relationship (linear correlation coefficient R2 = 0.943) 

between biofilms strength and their hyphal content in three days old Candida biofilms 

(Fig. 6A). Interestingly, biofilms without hyphae and with the highest eDNA content, 

C. albicans Caf2-1 grown at 30˚C, possessed the lowest compressive strength.   
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Figure 5. Moduli of elasticity (E ) of Candida biofilms with biofilm characteristics, 
found to be unrelated with biofilm strength. Error bars represent standard deviations 
over 9 independently grown biofilms.  
 
 

In C. albicans, hyphal production can be suppressed not only by reducing the 

growth temperature (4) but also by the presence of a QS molecule, farnesol (14). 

Here we see that in the absence of CHK1, more hyphal cells are produced in the 

biofilms of Chk24 compared to biofilms of the wild type strain Caf2-1, resulting in 

stronger biofilms. Interestingly, 6 day old biofilms for Caf2-1 showed a significant 

reduction in hyphal content, which was not seen for the strain lacking Chk1p. This 

could therefore illustrate the effect of farnesol, inducing yeast cells growth in wild-

type biofilms while mutant biofilms are unable to sense farnesol and maintain a high 
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hyphal content. Growth of C. albicans Caf2-1 under higher shear conditions also 

induced more hyphal production, although not to the extent that they were 

significantly stronger than Caf2-1 biofilms grown under lower shear.  

Hyphal and yeast cells do not differ qualitatively in cell wall composition. The 

main differences, however, are in the proportions of main components, such as chitin 

or β-glucans (6). The cell wall of C. albicans consists for 80 to 90% of carbohydrates, 

most important of which are β-glucans (β-1,3 and β-1,6 glucose polymers), 

accounting for 47 to 60% of cell wall weight; chitin, which constitutes 0.6 to 9% and 

mannan, polymers of mannose covalently bound to proteins. Even though chitin 

content in the cell wall is small, it is an important component of the septa, bud scars, 

and the ring around the constriction between mother cell and bud. Hyphal cells 

contain at least three times as much chitin as yeast cells (4, 5). Chitin is a 

hydrophobic material, also found in insects, crabs, shrimps, and lobsters, where it 

provides rigidity to outer skeleton. Chitin has been shown to increase mechanical and 

flexural strength of bone substitutes (6). Higher amount of chitin due to the presence 

of more hyphal cells in biofilms may be responsible for increased compressive 

strength of the biofilm.  

Furthermore, eDNA content in EPS showed an adverse effect on biofilms 

strength of C. albicans Caf2-1 and Chk24. EPS amount and composition were 

previously shown by others to have a significant influence on structure and 

cohesiveness of bacterial biofilms (10, 13). Moreover, presence of eDNA was shown 

to affect biofilm formation by P. aeruginosa (12). In our study we see that normalized 

amounts of eDNA increased with biofilm age and shear (Fig. 3C) and contributed to 

the decrease in strength of C. albicans Caf2-1 and Chk24 biofilms with approximately 

similar hyphal content, as suggested in Fig. 6B. In 6 days old biofilms of Chk24,  
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Figure 6. Modulus of elasticity E as a function of (A) hyphal content in 3 days old 
Candida biofilms and (B) eDNA amount in C. albicans Caf2-1 and Chk24 biofilms. 
Arrows in Fig. 6B indicate the decrease in strength upon increasing the growth time 
from 3 to 6 days of C. albicans Caf2-1 and Chk24 biofilms and increasing shear rate 
at growth for C. albicans Caf2-1, which is concurrent with increased amounts of 
eDNA, while for the strains presented the hyphal content remains approximately 
constant.  
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decreased by 33%, compared to 3 day old biofilms, while hyphal content remained 

unchanged. In 3 day old biofilms of Caf2-1, strength of biofilms grown at higher shear 

decreased slightly, compared to the biofilms grown at normal shear, while the 

amount of eDNA increased, while here too hyphal content remained similar. Six days 

old biofilms of Caf2-1 showed 23% decrease in hyphal content, concurrent with 60% 

increase in the amount of eDNA and a major decrease in biofilm strength. This 

suggests that eDNA probably does not play the same essential role in Candida 

biofilms as it does in bacterial biofilms. This is in line with recent observations, that 

bacterial biofilms can be fully removed by DNaseI treatment (Nemoto et al., 2003), 

while Candida biofilms were only removed by 30% (2).      

In addition to changes in eDNA content, polysaccharide and protein contents 

in EPS varied with biofilm age. Polysaccharide content decreased in ageing biofilms, 

while protein content increased, most likely due to cell lysis. Both polysaccharides 

and proteins did not seem to contribute significantly to biofilms strength. Additionally, 

no correlation was found between biofilms density, thickness and hydrophobicity. 

This study contributes to a thin body of knowledge of fungal biofilms 

mechanics and helps to gain knowledge into which parameters are important for 

fungal biofilms strength. We show that hyphal cells are the most sturdy components 

in fungal biofilms and their presence is determinant for the compression strength of 

C. albicans biofilms. However, fungal biofilms strength can be adversely affected by 

the presence of eDNA. Without hyphae, fungal biofilms are weaker and can be more 

easily removed. Understanding what factors are important for biofilm integrity may 

help in development of new fungal-specific drugs. 
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INTRODUCTION 

 
Oral biofilms, or “dental plaque,” are complex microbial communities.  Oral biofilms 

are known to cause dental caries and periodontitis (14). Formation of dental plaque is 

unavoidable due to a constant supply of microorganisms from saliva and nutrients 

from food and drinks consumed by the host (5). Mechanical removal has remained 

the preferred way of oral biofilm removal and prevention of oral diseases (13).  

Mechanical removal can be achieved by brushing, rinsing, flossing or 

scraping. During mechanical removal, forces are applied to a biofilm from different 

directions causing it to deform, disintegrate or dislodge from tooth surfaces. The 

forces can be divided into compressive, tensile and shear forces according to their 

direction of action with respect to the biofilm surface (8). Compressive forces are 

applied perpendicularly towards the surface, tensile forces are applied 

perpendicularly away from the surface, while shear forces act parallel to the surface. 

Removal effectiveness strongly depends on biofilm strength, which can be classified 

into three types, similar to the applied forces as described above.  

There are many factors influencing biofilm strength. Among known factors, 

there are increased extracellular polymeric substance (EPS) production (6), EPS 

chemistry and presence of divalent cations (10, 17), growth medium (16), 

hydrodynamic conditions during growth (4, 20) and quorum sensing (2). It has been 

recently suggested that hydrodynamic conditions have a more pronounced effect on 

biofilm structure of Pseudomonas aeruginosa than quorum sensing (9), while at 

about the same time, EPS production in activated sludge biofilms appeared strongly 

influenced by hydrodynamic conditions (12). Fluid flow over a biofilm not only 

provides for nutrient transport, but also creates fluctuating pressures and causes its 

irregular architecture, especially in a high shear environment (19). Studies on the 
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mechanical properties of non-oral biofilms have established a connection between 

hydrodynamics, biofilm architecture and strength (3,21). Strengths between 0.1 Pa to 

15,640 Pa have been reported for P. aeruginosa, P. fluorescens and mixed culture 

environmental biofilms (15). Oral biofilms have, to our knowledge, not yet been 

studied with respect to a possible connection between hydrodynamics, biofilm 

architecture and strength.  

Oral biofilms are different from many other biofilms, as they may form under 

highly different shear rates that may vary from one moment of the day to another. In 

addition, the number of species that may be present in oral biofilms is higher than of 

many others. Therefore, in this study we investigated the influence of hydrodynamic 

shear and species composition on the compressive strength and architecture of oral 

biofilms.  

 
MATERIALS AND METHODS 

 
Bacterial  strains and biofilm formation 

Streptococcus oralis J22, Actinomyces naeslundii TV14-J1 grown on blood agar 

plates, were used to inoculate 10 ml Todd-Hewitt Broth (THB, Oxoid, Basingstoke, 

UK) and allowed to grow for 24 h at 37˚C in ambient air (pre-culture). Supra-gingival 

plaque was collected from a healthy volunteer from tooth surfaces with a cotton swab 

and inoculated into 10 ml THB to make a pre-culture. Pre-cultures were used to 

inoculate a 200 ml THB (main) culture which were grown for 16 h. Bacteria were 

harvested by centrifugation at 10,000 x g and washed twice with sterile adhesion 

buffer (KCl 3.73 g l-1, K2HPO4 0.174 g l-1, KH2PO4 0.136 g l-1, CaCl2.2H2O 0.147 g l-1, 

pH 6.8). Bacteria generally formed chains and aggregates and hence were sonicated 

intermittently on ice for 3 x 10 s at 30 W (Vibra cell model 375, Sonics and Materials 
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Inc., Danbury, Connecticut, USA). Cooling on ice was done to ensure that the 

bacteria did not lyse. Bacteria were resuspended in adhesion buffer to a 

concentration of 3 x 108 bacteria ml-1. 

A parallel plate flow chamber (1) with dimensions of 17.5 x 1.6 x 0.075 cm was 

used to grow biofilms on glass slides under well-defined shear. The flow chamber 

and glass slides were washed with a detergent, 2% RBS 35 (Omnilabo, Breda, The 

Netherlands), thoroughly rinsed with tap water, demineralized water and sterilized by 

autoclaving. Flow started with perfusion of adhesion buffer during 30 min at a shear 

rate of 7.3 s-1 at 37°C. A bacterial suspension of S. oralis, A. naeslundii or dental 

plaque was then allowed to pass through the flow chamber till a surface coverage on 

the bottom glass plate of 1 x 106 bacteria cm-2 was achieved. The flow chamber was 

again rinsed for 30 min with adhesion buffer in order to remove the bacterial 

suspension. Subsequently, growth medium was introduced into the system (10% 

THB in adhesion buffer) at different shear rates, relevant to the oral cavity, i.e. 

ranging from 0.1 to 50 s-1 for 36 h to form a biofilm. All fluids were perfused through 

the system under hydrostatic pressure to create a pulse free flow.  

For dual species biofilms, S. oralis J22 was allowed to adhere first for 2 h, 

followed by 30 min rinsing and subsequently, A. naeslundii TV14-J1 was passed 

through the flow chamber for 2 h. The flow chamber was rinsed for 30 min and  

growth medium was introduced at different shear rates for 36 h to form a biofilm. 

For fluctuating shear biofilms, single strain experiments were done with S. 

oralis J22 as described above, with growth medium being introduced into the system 

at shear rates of 7 and 50 s-1 in alternating cycles of 12 h during biofilm formation.  
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Low Load Compression Testing 

Biofilm compressive strength and thickness were measured during uniaxial 

compression in a low load compression tester (LLCT) described in detail elsewhere 

(6). Briefly, LLCT consists of a linear positioning stage connected to a moving upper 

plate. A stationary bottom plate is fixed to a load cell. During compression, biofilm-

covered glass slides were placed on the stationary bottom  plate and  biofilms were 

deformed at a rate of 1 µm s-1, while biofilm thickness, applied load and resulting 

strain (σ), defined as change in thickness, were recorded. The induced load was 

normalized over the cross-sectional area of the plunger area to calculate the stress 

(ε) exerted, i.e. the force exerted per unit area of a biofilm. Biofilms were compressed 

until 0.5 strain (50% deformation) was reached, at which point the compression was 

stopped because further deformation would only lead to compaction of the biofilms. 

Three measurements were taken for each independently grown biofilm and the 

average of three measurements was calculated and used for further analysis. Values 

of strain were plotted against corresponding values of stress to obtain stress-strain 

diagrams. These diagrams provide information about a material’s strength without 

regarding for its physical size or shape (4). The upper stress limit of a linear 

relationship between stress and strain in a stress-strain diagram was defined as the 

elastic limit. This limit was estimated at the point of 0.2 strain (20% deformation). At 

this point, the modulus of elasticity (E) was calculated from Hooke’s law as follows: 

ε
σ=E

            (1) 
Compressive strength was defined as the stress at the point of a stress-strain curve 

where the linear relationship between stress and strain ends and the curve begins to 

bend, indicating the start of permanent deformation. Non-linearity generally occurred 



Chapter 4 
 
 

 66 

at 0.25 strain (25% deformation), and therefore this point was considered as 

indicative of the compressive strength of a biofilm. 

 
CLSM analysis 

To visualize biofilm architecture, biofilm images were acquired with Leica TCS SP2 

confocal laser scanning microscope (Leica Microsystems Heidelberg GmbH, 

Heidelberg, Germany) with beam path settings for FITC- and TRITC-like labels. 

Stacks of images were obtained with a 40x water objective lens. Biofilms were 

stained with LIVE/DEAD BacLight stain (Molecular Probes, Eugene, OR, the USA) 

and incubated at room temperature in the dark for 15 min. The images were 

analyzed by COMSTAT software (3). The values from COMSTAT analysis were used 

to calculate the ratio of voids in the biofilms as follows: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

imageaverage AreaThickness
Biovolume

Voids
*

1100(%)
                              (2) 

where Biovolume is the volume occupied by bacteria in a 3D-image, Thicknessaverage 

is the average thickness of the biofilm obtained from COMSTAT and Areaimage is the 

area of scanned region. 

 
Statistical analysis 

Statistical analysis was performed using SPSS software (version 14.0, SPSS, 

Chicago, Illinois, USA). Before analysis, data was tested for normal distribution using 

histograms. Values were compared by means of independent samples Student t-

tests. P-values of less than 0.05 were considered to indicate significant differences.  
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RESULTS  

 
Stress-strain diagrams of the differently grown oral biofilms show distinct influences 

of hydrodynamic shear and species composition (Fig. 1). No biofilm formation was 

observed at shear rate of 0.1 s-1. At shear rate of 7 s-1 (Fig. 1A), compressive 

strength  of A. naeslundii TV14-J1 biofilms was about three times lower than 

compared to biofilms of S. oralis J22. The difference in ability to withstand 

compression between S. oralis J22, full plaque and dual-species biofilms of S. oralis 

with A. naeslundii became insignificant at high deformations. At a shear rate of 15 s-1 

(Fig. 1B), A. naeslundii biofilms were significantly weaker in compression than 

biofilms of S. oralis, full plaque and dual-species biofilms. At a shear rate of 50 s-1 

(Fig. 1C), single-species biofilms of S. oralis and A. naeslundii were significantly 

weaker in compression than multi-species biofilms.  

Biofilm compressive strength significantly decreased with increasing shear 

rates during growth, with the exception of A. naeslundii TV14-J1. Compressive 

strength of multi-species biofilms ranged from 36 to 51 Pa for a dual-species biofilm 

and full plaque, respectively  when grown under low shear and became significantly 

less under high shear. Single-species biofilms were generally weaker than multi-

species biofilms grown under the same shear rates, especially when grown under 

low shear (Table 1).  Modulus of  elasticity  ranged from  29 to 182 Pa  for multi-

species  biofilms  and  was significantly lower for single-species biofilms with values 

ranging from 17 to 62 Pa (Table 1). Analyses of stress-strain diagrams of S. oralis 

J22 biofilms grown under fluctuating shear rates of 7 and 50 s-1 in cycles of 12 h 

possessed compressive strength and elastic modulus intermediate of those 

measured at 7 and 50 s-1. Biofilm thicknesses generally increased significantly with 

higher shear rates, regardless of whether they were single- or dual-species biofilms 
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Figure 1. Stress-strain diagrams for single- and multi-species oral biofilms grown 
under different shear rates (A) 7 s-1, (B) 15 s-1, (C) 50 s-1. Bar markers indicate the 
standard deviation over 9 independently grown biofilms.  
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or biofilms grown from full plaque, except for A. naeslundii. S. oralis biofilms grown 

under fluctuating shear rates had a thickness similar to its thickness when grown 

under the highest shear rate. Generally, dual-species biofilms had less voids than 

single species biofilms.    

  

 
 

Figure 2. Cross-sections of single- and multi-species oral biofilms grown under 
different shear rates, after staining with LIVE/DEAD BacLight fluorescent dye. Bar 
marker represents 20 µm.  
 
 

 
 

Figure 3. Cross-sections of single-species S. oralis J22 oral biofilms, stained with 
LIVE/DEAD BacLight fluorescent dye. Biofilms were grown for 36 h under fluctuating 
shear rates in 12 h cycles last cycle 7 s-1, last cycle 50 s-1.  Bar marker represents 20 
µm.  
 

In addition to changes in thickness, biofilms responded to increased shear by 

changing their architecture from uniform carpet-like to more “fluffy”, with 
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heterogeneous architectures. At a shear rate of 7 s-1, rather dense carpet-like 

biofilms were formed (Fig. 2, left panel). At shear rate of 15 and 50 s-1, biofilms 

became more heterogeneous compared to the biofilms grown at shear rate of 7 s-1 

and in some cases formation of streamers was observed (Fig. 2, middle and right 

panel). Biofilms of S. oralis grown under fluctuating shear rates had architecture 

typical to both low (7 s-1) and high (50 s-1) shear grown biofilms (Fig. 3).  

 

DISCUSSION  

 
This is the first study to investigate the influence of species composition and 

hydrodynamic conditions on the compressive strength and architecture of oral 

biofilms. Our results show that both hydrodynamic conditions, including fluctuating 

shear, and species composition influence the compressive strength of oral biofilms. 

We also establish a connection between biofilm architecture and its compressive 

strength. In general, compressive strength of oral biofilms decreased with increasing 

environmental shear and was accompanied by changes in biofilm architecture. 

Biofilms grown at lower shear rates were more carpet-like, homogeneous and thinner  

compared to biofilms grown at higher shear rates, which were more “fluffy,” 

heterogeneous and thicker.  

 Biofilms can be structurally divided into two layers: a base film and surface film 

(6). The base film is homogeneous and attached to the substratum. The surface film, 

on the other hand, is rather loose and “fluffy.” The thickness of each layer may vary 

depending on biofilm architecture.  For oral biofilms grown at a low shear of 7 s-1, the 

base layer constitutes most of the biofilm and surface layer is only a few micrometers 

thick. In contrast, for biofilms grown at higher shear rates the thickness of the surface 

film is equal or higher than that of the base film. Therewith, oral biofilms grown at 
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high shear have a non-uniform density over their thickness, with low density layers 

on the top and high density layers on the bottom. During compression tests, 

compressive strength of high-shear grown biofilms is lower than low shear biofilms  

because only the strength of the surface layer is measured and compaction of the 

surface layer readily occurs when 50% deformation is reached. Laspidou and 

colleagues (4) calculated in their modeling study that biofilm strength is the highest at 

the bottom layer. However, the difference in strength between top and bottom layer is 

more pronounced for the biofilms with non-uniform architecture. Based on results of 

their study, we can estimate that in high-shear grown biofilms compressive strength 

of the base film is considerably higher than that of surface layer and is comparable to 

strength of oral biofilms grown at lower shear.  

 Multi-species biofilms, either grown from two single species (S. oralis 

J22 and A. naeslundii TV14-J1) or from full plaque were up to 10 times more 

resistant to compressive forces than single-species biofilms of S. oralis and A. 

naeslundii, showing that multi-species biofilms have an advantage in withstanding 

environmental compressive forces. Based on the measured ratio of voids, space in 

dual-species biofilms was filled up more efficiently than in single-species biofilms. 

Better packing within the biofilm clearly resulted in a higher composite density and 

compressive strength.  

S. oralis biofilms respond to fluctuating shear as can be expected to occur in 

the oral cavity as host activities change, e.g. during eating, drinking or sleeping and 

biofilms grown at varied shear possessed strength and architecture intermediate to 

those of biofilms grown at 7 and 50 s-1 (Table 1). Hydrodynamic conditions applied in 

the last cycle appeared to govern biofilms strength.  
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During mechanical removal of oral biofilms, a combination of compression, 

shear and tensile forces is applied to a biofilm. Since the compressive strength of the 

base film is much higher than of the “fluffy” surface film, development of new 

strategies aimed at mechanical plaque removal and their in vitro evaluation, should 

focus more at the base film with its higher strength rather than at biofilms grown 

under high or fluctuating shear. Moreover, dual-species biofilms comprising 

streptococci and actinomyces grown under low shear have strengths only slightly 

less than full plaques. Considering that dual-species biofilms are easier to grow 

reproducibly than multi-species biofilms, in vitro removal experiments might benefit 

from using dual-species biofilms (4) without loss of relevance. 

In summary, our results indicate that both hydrodynamic conditions and 

species composition influence the compressive strength of oral biofilms. Biofilms 

adapted to changes in hydrodynamic conditions by changing their architecture and 

multi-species biofilms were stronger due to better packing. Provided information on 

the factors influencing biofilms strength is potentially useful for design of better 

removal technologies.  



 

 

 Table 1. Compressive strength (σ), modulus of elasticity (E) and biofilm thickness (BT) of single-species and multi-species oral 
biofilms grown under different shear rates, including fluctuating shears for S. oralis J22 ± indicates standard deviation over 9 
independently grown biofilms.  
 

7 s-1 15 s-1  50 s-1  
σ(Pa) E (Pa) BT (µm) Voids 

(%) 
σ(Pa) E (Pa) BT (µm) Voids 

(%) 
σ(Pa) E (Pa) BT (µm) Voids 

(%) 

S. oralis J22 17.3 + 3.2 62 + 9 23.2 + 4.7 36 + 4 8.7 + 1.9 30 + 6 46.7 + 10.3 34 + 12 5.0 + 0.9 17 + 3 85.9 + 15.3 32 + 9 

S. oralis 
J22,  

final shear 7 
1/s 

13.0 + 3.4 46 + 12 95.5 + 15.6 41 + 4 NA NA NA NA NA NA NA NA 

S. oralis 
J22,  

final shear 
50 1/s 

NA NA NA NA NA NA NA NA 8.6 + 1.4 31 + 4 84.9 + 13.3 42 + 11  

A. naeslundii 
TV14-J1 

4.8 + 0.9 19 + 3 22.7 + 4.2 41 + 4 5.1 + 2.5 19 + 9 22.3 + 10.9 27 + 3 5.0 + 0.7 18 + 3 31.0 + 11.4 33 + 3 

S. oralis J22 
with  

A. naeslundii 
TV14-J1 

35.8 + 10.0 137 + 40 23.9 + 4.2 18 + 5 5.9 + 1.9 30 + 6 30.2 + 5.8 9 + 3 6.5 + 1.0 32 + 5 42.9 + 9.0 17 + 5 

Full plaque 51.3 + 11.7 182 + 39 22.6 + 6.3 28 + 7 9.3 + 0.2 29 + 1 36.4 + 6.9 31 + 6 11.6 + 
2.1 

42 + 8 75.5 + 18.6 40 + 11 

NA – Not Applicabl
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INTRODUCTION 

 
Oral biofilms, also known as “dental plaque,” are among the most complex microbial 

communities in the nature. Currently, over 700 different species of bacteria were 

identified in dental plaque (1). Formation of plaque in the oral cavity is inevitable, due 

to a continuous supply of microorganisms from saliva and nutrients from food and 

drinks consumed by the host (6). Interactions between various types of oral bacteria 

are essential for plaque formation. Interactions occur within the same species 

(interspecies) and between different species (intergeneric). Coaggregation is one 

type of intergeneric interaction defined as a specific cell-to-cell recognition that 

occurs between genetically distinct cell types. 

 Coaggregation was first discovered by Gibbons and Nygaard (7) who reported 

a clumping phenomenon between streptococci and actinomyces upon mixing in a 

test tube. Coaggregation occurs as a result of specific interactions between adhesin 

molecules on the surface of one cell type and receptor molecules on the surface of 

the other cell type. Coaggregation has been widely studied using various types of 

coaggregation assays (4, 11), microcalorimetry (19), a range of microscopic 

methods, such as scanning and transmission electron microscopy (20), confocal 

laser scanning microscopy (13) and atomic force microscopy (17). It has been 

suggested that coaggregation helps to protect biofilm structure from destruction by 

high shear forces present in the oral cavity (8).  Studies of coaggregation of oral 

bacteria showed that enthalpy change (18) and interaction forces (16) are higher for 

coaggregating bacterial pairs compared to non-coaggregating pairs. Based on these 

findings, it can be anticipated that biofilms of coaggregating species are stronger 

than biofilms with non-coaggregating bacteria. However, no direct measurements of 

biofilm strength have ever been done to confirm it. Strength influences efficiency of 
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biofilm mechanical removal, which, for oral biofilms, remains a preferred way of 

disposal in order to prevent development of oral diseases (12). Knowledge about the 

factors affecting biofilm strength can be beneficial for selection of removal or 

treatment procedures.    

The aim of this study was to measure the strength of oral biofilms formed by 

coaggregating species and compare it to the strength of non-coaggregating and 

single species biofilms. Single species biofilms of Streptococcus oralis J22, 

Streptococcus sanguis PK1889 and Actinomyces naeslundii TV14-J1, biofilms of 

coaggregating pair S. oralis J22 and A. naeslundii TV14-J1, and non-coaggregating 

S. sanguis PK1889 and A. naeslundii TV14-J1 were grown in the parallel plate flow 

chamber and subjected to compression forces in a uniaxial low load compression 

tester (LLCT) (14), which evaluates the resistance of biofilms to compression and 

allows for accurate determination of biofilm thicknesses. Biofilms architecture was 

evaluated using confocal laser scanning microscopy in combination with fluorescent 

LIVE/DEAD staining. 

 

MATERIALS AND METHODS 

 
Bacterial  strains and biofilm formation 

S. oralis J22, S. sanguis PK1889 and A. naeslundii TV14-J1 grown on blood agar 

plates, were used to inoculate 10 ml Todd-Hewitt Broth (THB, Oxoid, Basingstoke, 

UK) and allowed to grow for 24 h at 37˚C in ambient air (pre-culture). Pre-cultures 

were used to inoculate a 200 ml THB (main) culture which were grown for 16 h. 

Bacteria were harvested by centrifugation at 10,000 x g and washed twice with sterile 

adhesion buffer (KCl 3.73 g l-1, K2HPO4 0.174 g l-1, KH2PO4 0.136 g l-1, CaCl2.2H2O 
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0.147 g l-1, pH 6.8). Bacteria generally formed chains and aggregates and hence 

were sonicated intermittently on ice for 3 x 10 s at 30 W (Vibra cell model 375, 

Sonics and Materials Inc., Danbury, Connecticut, USA). Cooling on ice was done to 

ensure that the bacteria did not lyse. Bacteria were resuspended in adhesion buffer 

to a concentration of 3 x 108 bacteria ml-1. 

A parallel plate flow chamber (2) with dimensions of 17.5 x 1.6 x 0.075 cm was 

used to grow biofilms on glass slides under well-defined shear. The flow chamber 

and glass slides were washed with a detergent, 2% RBS 35 (Omnilabo, Breda, The 

Netherlands), thoroughly rinsed with tap water, demineralized water and sterilized by 

autoclaving. Flow started with perfusion of adhesion buffer during 30 min at a shear 

rate of 7.3 s-1 at 37°C. A bacterial suspension of S. oralis, S. sanguis or A. naeslundii 

was then allowed to pass through the flow chamber for 2 h. The flow chamber was 

rinsed for 30 min with adhesion buffer in order to remove the bacterial suspension. 

Subsequently, growth medium was introduced into the system (10% THB in adhesion 

buffer) for 36 h to form a biofilm. For dual-species biofilms, a bacterial suspension of 

S. oralis or S. sanguis was passed through the flow chamber for 2 h. The flow 

chamber was rinsed for 30 min with adhesion buffer and A. naeslundii were passed 

through the flow chamber for 2 h. The flow chamber was again rinsed for 30 min with 

adhesion buffer and growth medium was introduced into the system for 36 h. All 

fluids were perfused through the system under hydrostatic pressure to create a pulse 

free flow.  

 
Low load compression testing 

Biofilm compressive strength and thickness were measured during uniaxial 

compression in a low load compression tester (LLCT) described in detail elsewhere 

(14). Briefly, LLCT consists of a linear positioning stage connected to a moving upper 
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plate. A stationary bottom plate is fixed to a load cell (Fig. 1A). During compression, 

biofilm-covered glass slides were placed on the stationary bottom  plate and biofilms 

were deformed at a rate of 1 µm s-1, while biofilm thickness, applied load and 

resulting strain (σ), defined as change in thickness, were recorded. The induced load 

was normalized over the cross-sectional area of the plunger area to calculate the 

stress (ε) exerted, i.e. the force exerted per unit area of a biofilm (Fig. 1B). Biofilms 

were compressed until 0.9 strain (90% deformation) was reached, at which point the 

compression was stopped because further deformation would only lead to 

compaction of the biofilms. Three measurements were taken for each independently 

grown biofilm and the average of three measurements was calculated and used for 

further analysis. Values of strain were plotted against corresponding values of stress 

to obtain stress-strain   diagrams.  These  diagrams  provide  information  about a  

material’s  strength without regarding for its physical size or shape (10). The upper 

stress limit of a linear relationship between stress and strain in a stress-strain 

diagram was defined as the elastic limit. At this point, the modulus of elasticity (E) 

was calculated from Hooke’s law as follows: 

ε
σ=E             (1) 

 
 

Confocal microscopy and image analysis  

To visualize biofilm architecture, biofilm images were acquired with Leica TCS SP2 

confocal laser scanning microscope (Leica Microsystems Heidelberg GmbH, 

Heidelberg, Germany) with beam path settings for FITC- and TRITC-like labels. 

Stacks of images were obtained with a 40x water objective lens. Biofilms were 

stained with LIVE/DEAD BacLight stain (Molecular Probes, Eugene, OR, USA) and 



Strength of oral biofilms is enhanced due to higher packing efficiency in coaggregating and single biofilms 
 

81 

incubated at room temperature in the dark for 15 min. The images were analyzed by 

COMSTAT software (9). The values from COMSTAT analysis were used to calculate 

the ratio of voids in the biofilms as follows: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

imageaverage AreaThickness
Biovolume

Voids
*

1100(%)                                 (2) 

where Biovolume is the volume occupied by bacteria in a 3D-image, Thicknessaverage 

is the average thickness of the biofilm obtained from COMSTAT and Areaimage is the 

area of scanned region. 

 

Statistical analysis 

Statistical analysis was performed using SPSS software (version 14.0, SPSS, 

Chicago, Illinois, USA). Before analysis, data was tested for distribution using 

Kolmogorov-Smirnov goodness of fit test. Post hoc multiple comparisons were 

performed to quantify differences between variables using Tukey test with a level of 

significance of p < 0.05.  

 
RESULTS 

 
Coaggregating species biofilms were 4 times stronger than biofilms of a non-

coaggregating pair (Fig. 2). Coaggregating biofilms were also stronger than single 

species biofilms of S. oralis and A. naeslundii. The difference between single species 

S. sanguis and coaggregating species biofilms was not statistically significant. When 

S. sanguis were grown in combination with A. naeslundii, biofilm strength decreased 

compared to single species S. sanguis biofilms.   

 The biofilms of coaggregating pair and S. sanguis had the smallest 

percentage of voids, on average 18%, which was significantly lower than in the other 
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Figure 1. (A) Main components of the system: Low-Load Compression Tester (LLCT) 
interfaced with positioning device and computer with data acquisition system.  
(B) Sample stress-strain curve, with points marking biofilm response to compression 
representative of the plunger position and deformation level:  
(1) no contact between the biofilm and plunger, force registered by the load cell is 
zero,  
(2) initial contact between the plunger and biofilm, small force is registered by the 
load cell,  
(3) the biofilm is deformed, deformation is small, and  
(4) the biofilm is deformed irreversibly.  
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biofilms (Fig. 2). Biofilms of non-coaggregating pair had on average 30% voids, while 

single species biofilms of A. naeslundii and S. oralis had 41% and 36% voids 

respectively. Thicknesses of all biofilms were similar with the average thickness of 20 

µm.  

Dual species biofilms of streptococci and actinomyces had an architecture 

incorporating features of single species biofilms of each species (Fig. 3). Biofilms of 

S. oralis and S. sanguis were dense and carpet-like, while biofilms of A. naeslundii 

were rather fluffy and loosely-bound (Fig. 3A-C). Biofilms of non-coaggregating 

species were more loosely-bound compared to coaggregating species biofilms, in 

which space was filled more efficiently by aggregates of streptococci and 

actinomyces (Fig. 3D and E). It appeared that biofilms of non-coaggregating species 

contained more A. naeslundii than coaggregating species biofilms.  
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Figure 2. Modulus of elasticity, amount of voids and biofilm thicknesses for single 
species (three left sets of columns), coaggregating (second set of columns from right) 
and non-coaggregating (right set of columns) species biofilms. Bars indicate standard 
deviation over 9 independently grown biofilms. 
 
 
DISCUSSION 

 
In this study we showed that coaggregating bacteria form stronger biofilms than non-

coaggregating bacteria, which was never directly measured before. Coaggregating 

species biofilms were on average 4 times stronger than biofilms formed by non-

coaggregating pair of S. sanguis PK1189 and A. naeslundii TV14-J1, possibly 

because of a different biofilm architecture. Biofilms of non-coaggregating species are 

more loosely-bound and contain almost twice as many voids as biofilms of 

coaggregating species. Additionally, by visual inspection, there appears to be more 
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Figure 3. Overlay images and cross-sections of  single species (top) and dual 
species (bottom) biofilms, after staining with LIVE/DEAD BacLight fluorescent dye. 
Bar marker represents 20 µm.  
A. S. oralis J22;  
B. naeslundii TV14-J1;  
C. S. sanguis PK1889;  
D. Coaggregating species biofilm consisting of S. oralis J22 and A. naeslundii TV14-

J1;  
E. Non-coaggregating species biofilm consisting of S. sanguis PK1889 and A. 

naeslundii TV14-J1. 
 
 

 
actinomyces in biofilms of non-coaggregating bacteria, which partially explains their 

more loosely-bound structure, since A. naeslundii biofilms form rather fluffy biofilms.  

Within coaggregating biofilms, interactions between bacteria are stronger (15), 

possibly reducing distances between bacterial clusters and providing more efficient 

packing. More efficient packing results in higher bulk density in coaggregating 

biofilms and higher density is known to enhance strength of materials (3, 5). When 

biofilms porosity was plotted against biofilms strength for coaggregating, non-
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coaggregating and single species biofilms, a linear correlation was established 

between two parameters (Fig. 4). Biofilm thicknesses, on the other hand, did not 

affect their strength, which is in line with observations from a previous studies 

(Chapters 3 and 4).    

Another interesting observation is the considerable change in biofilms strength 

when S. oralis and S. sanguis were grown in combination with A. naeslundii 

compared to the strength of single species biofilms. S. sanguis  form a strong dense 

biofilm on their own and do not need additional structural “reinforcement” from other 

species. Moreover, when actinomyces are added, biofilm structure noticeably 

changes to become more fluffy and biofilm strength reduces. Hence, coaggregation 

with actinomyces offers no advantages in withstanding shear forces in the oral cavity. 

R2 = 0.85
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Figure 4. Biofilms strength expressed as modulus of elasticity E as a function of 
amount of voids in the biofilms. R2 denotes the linear correlation coefficient.  
 
 
On the other hand, S. oralis and, especially, A. naeslundii grown alone do not form 

very strong biofilms, but in combination they are able to utilize space more efficiently 
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and form strong biofilms. Therefore, for these species coaggregation is 

advantageous and helps to compensate for the structural weaknesses of their 

respective single species biofilms. 

In summary, this study offers an experimentally-based proof that 

coaggregating species form stronger biofilms than non-coaggregating species and 

suggests a mechanism accounting for increased strength. Additionally, we show that 

strength of single species biofilms can be reduced if they grow in the presence of a 

non-coaggregating partner. The results of this study help to extend our 

understanding of the factors influencing biofilms strength. Improved knowledge on 

biofilms strength can help to design better treatments technologies.  
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Biofilms play an important role in medically-related fields, as they are a major cause 

of many clinical infections, such as cystic fibrosis pneumonia, osteomyelitis and 

biomaterial-related infections (2). Mechanical properties of biofilms influence how 

biofilms deform due to external forces, cell detachment and dispersal from biofilms 

and mass transfer into biofilms. Previous studies have shown that biofilms possess 

viscoelastic behavior (14, 20) and their strength is influenced by increased 

extracellular polymeric substance (EPS) production (7), EPS chemistry (18) and 

presence of divalent cations (11, 15), growth medium (3), hydrodynamic conditions 

during growth (6, 17) and quorum sensing (4). However, the great majority of studies 

were conducted with environmental biofilms and the information for medically-

relevant biofilms is scarce.  

Medically-relevant biofilms are rather different from environmental biofilms. On 

one hand, their growth conditions are less diverse, since temperature, pH and 

nutrients available are usually within a range of parameters present in a human body. 

On the other hand, species diversity of medical biofilms is rather high. For example, 

oral biofilms contain more than 700 different species and are among the most 

complex microbial communities known (16). Additionally, medical biofilms can 

contain a mixture of bacterial and fungal species, such as biofilms isolated from a 

voice prosthesis (14). Mechanics of medical fungal biofilms especially received very 

little attention, despite the fact that they rank number four in frequency among 

species causing bloodstream infections (5), and oral biofilms were used in only few 

studies (2, 3, 21). Therefore, we chose to focus on oral biofilms and fungal biofilms of 

Candida species. We studied how morphological and species composition, biofilms 
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architecture, hydrodynamic conditions during growth, EPS composition and quorum 

sensing influence biofilm mechanical properties.  

In this thesis, we showed that hyphal content was a determining parameter for 

the strength of fungal biofilms, which could be adversely affected by the presence of 

eDNA, but the effect was not as strong as in bacterial biofilms, previously reported in 

the literature (13). We determined that mechanical properties of oral biofilms were 

influenced by hydrodynamic conditions and species composition during growth. 

Biofilm compressive strength generally declined with increased shear during growth, 

along with a transformation in biofilm architecture. Multi-species oral biofilms were 

generally stronger than single species biofilms, however, when non-coaggregating 

species were grown together in a biofilm, biofilm strength declined.  

Knowledge about mechanical properties of medically-related biofilms can be 

beneficial for modeling of biofilm development, for making predictions about 

effectiveness of treatments and for development of new medications. For instance, in 

fungal biofilms, hyphal production should be reduced or suppressed to weaken the 

biofilms. Hyphal production can be suppressed by adjusting growth conditions to 

non-favorable for germination, for example, by reducing the growth temperature, 

limiting amount of serum, changing pH (1). However, the conditions favorable for 

germination, such as neutral pH, temperatures around 37°C and presence of serum, 

are the condition present in a human body and may be difficult to change. The use of 

quorum sensing (QS) molecules, which work in a manner similar to farnesol and 

target hyphal production (5) appears to be a more attractive solution. On the other 

hand, treatments targeted to reduce slime production by biofilms may not be as 

effective for fungal biofilms as for bacterial biofilms, since the role of EPS in 
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maintaining structural integrity of fungal biofilms is not as crucial as in bacterial 

biofilms.  

Knowledge about influences of hydrodynamics and species interaction on oral 

biofilm structure and strength and about the relationship between these parameters 

can help to create more realistic models and improve current treatment methods. 

Several coaggregation assays can be performed in laboratory conditions (2,4,6) to 

determine if the interactions between species are favorable or not. Coaggregation 

parameters can be incorporated into models to account for species interaction within 

biofilms. Additionally, models can be simplified to include only several species, as 

their biofilms possess mechanical properties and structure similar to those of full 

dental plaque, as we have shown in Chapter 4 of this thesis. 

 

 
Suggestions for future research 

Despite its usefulness for measurement of biofilm mechanical properties and, 

especially, for determination of biofilm thicknesses and factors influencing biofilm 

strength, compression testing has certain limitations. First of all, mechanical 

properties, in addition to compressive strength, also include shear and tensile 

strength not measured by our technique, which can actually be more important in 

respect to biofilm erosion and cell release from a biofilm. Secondly, flow induced 

shear is a more common load case for biofilms than compression. Ideally, a method 

incorporating measurements of compressive, shear and tensile strength would be a 

preferred way of evaluating biofilm mechanical properties. We attempted to design 

an instrument which could be used as an attachment to low load compression testing 

(LLCT) and would allow for measurement of shear and tensile strength of biofilms, in 
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addition to compressive strength. The main components of design are presented in 

Figs. 1 and 2 and testing procedure and preliminary results are described below.  

 

 
 

Figure 1. Tensiometer assembly with the arrows pointing in the directions in which 
the main parts of the assembly are pulled apart.  
 
 

Biofilms are grown in an assembly at a regulated shear rate, preferably the 

same shear rate used for growing biofilms for compression testing. The assembly is 

placed on a load cell of LLCT, fixed to it and the top is screwed into the top plate in 

place of a plunger. The assembly is pulled apart and the force required to separate 

two parts of the assembly is recorded by data acquisition system. This force is used 

to calculate tensile strength of biofilms by dividing the force over biofilm cross-

section. Dimension of the cross-section are estimated from confocal laser scanning 

microscopy (CLSM) analysis for which inserts with biofilms, directly taken out of the 

sides of assembly, are used.  
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For shear testing, a part of the assembly is taken apart and each of two parts 

is placed on the load cell. A plunger is inserted into a top plate and carefully aligned 

to move inside the assembly without touching inner walls to avoid friction. The force 

required to remove a biofilm and position and speed of the plunger are recorded. The 

force is normalized per cross-sectional area of biofilm, known from CLSM analysis, to 

obtain shear strength.   
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Figure 2. Top (A) and bottom (B) parts of the shearmeter assembly with the arrows 
pointing in the directions in which the plunger moves.  
 

Preliminary test results with 36 h old biofilms of Enterococcus faecalis BS385 

showed that surface tension force of water between two parts of the assembly was 

higher than tensile strength of the biofilms and interfered with the measurement of 

strength. Therefore, adjustments should be made to the assembly to reduce surface 

tension force by placing a Teflon insert between the two parts or using a coating on 

the contacting parts which would increase their hydrophobicity, or using different 

materials for design. 

During shear testing, no detectable friction force was measured during a “dry” 

run without a biofilm and a medium, showing that the contribution of friction force 

could be neglected. During shear tests with a biofilm of E. faecalis BS385, shear 

force measured increased with the distance as the plunger moved through the 

biofilm, potentially indicating buildup of removed biomass in front of the plunger (Fig. 

3). More tests are needed to determine the accuracy and reproducibility of the 

technique. 
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Despite its shortcomings, the technique has a potential since it is the first 

known method that incorporates measurements of compressive, shear and tensile 

forces in one system. Additionally, the system has low costs and can be assembled 

in-house which makes it more accessible to groups with both high and low research 

budgets.  
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Figure 3. The force measured in shear experiment with E. faecalis BS385 biofilm vs. 
distanced traveled by the plunger; deformation speed 1 µm s-1.  
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The aim of this work was to study which biological and environmental factors 

influence the strength of medically-relevant biofilms. Out of many medically important 

biofilms, we focused on oral biofilms and fungal biofilms of Candida species. We 

studied how morphological and species composition, biofilms architecture, 

hydrodynamic conditions during growth, EPS composition and quorum sensing 

influence biofilm mechanical properties. Biofilm mechanics were studied using a new 

method, low-load compression testing (LLCT), which directly measures the 

resistance of biofilms to compression and allows for accurate determination of biofilm 

thicknesses. Additionally, phase contrast and confocal laser scanning (CLSM) 

microscopy were used to evaluate biofilms structure and composition.   

Chapter 1 introduces the reader into the subject by giving a definition of 

biofilms, an overview of medically-relevant biofilms and a summary of recent studies 

of biofilm mechanical properties.  

In Chapter 2, we present Low Load Compression Testing (LLCT), as a new 

method for measuring biofilm thickness. Biofilm thickness is an important parameter 

in biofilm characterization. Current methods of measuring biofilm thicknesses have 

several limitations, including application, availability, and costs. With LLCT, biofilm 

thicknesses are measured during compression by inducing small loads of up to 5 Pa 

corresponding to 0.1% deformation, making LLCT essentially a non-destructive 

technique. Comparison of the thicknesses of various bacterial and yeasts biofilms 

derived from LLCT and obtained using confocal laser scanning microscopy (CLSM), 

yields the conclusion that CLSM underestimates the biofilm thickness due to poor 
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penetration of different fluorescent dyes, especially through the thicker biofilms, 

whereas LLCT does not suffer with this thickness limitation.  

The aim of the study presented in Chapter 3 was to identify the factors that 

determine the compression strength of Candida biofilms. Candida albicans is the 

most frequently isolated human fungal pathogen among species causing biofilm-

related clinical infections. Mechanical properties of Candida biofilms have been given 

no attention hitherto, despite the fact that mechanical properties are important for 

selection of treatment or dispersal of biofilm organisms due to a bodily fluid flow. 

Biofilms of C. albicans wild-type parental strain Caf2-1, mutant strain Chk24, lacking 

Chk1p , known to be involved in a regulation of morphogenesis (yeast-to-hyphae 

transition) and gene-reconstructed strain Chk23 were evaluated for their resistance 

to compression along with biofilms of C. tropicalis GB9/9 and C. parapsilosis GB 2/8, 

derived from used voice prostheses biofilms. Additionally, cell morphologies within 

the biofilm, cell surface hydrophobicities, and EPS composition, were determined. 

Our results suggest that the hyphae-to-yeast ratio influences the compression 

strength of C. albicans biofilms. Biofilms with hyphal content over 50% possessed 

significantly higher compressive strength and were more difficult to destroy by 

vortexing and sonication compared to the biofilms with lower hyphal content. 

However, when the amount of extracellular DNA in biofilms of C. albicans Caf2-1 and 

Chk24 increased, biofilms strength declined, suggesting that eDNA may adversely 

influence biofilms integrity. 

In Chapter 4, the influence of hydrodynamic conditions and species 

composition on oral biofilms strength were investigated. Single and multi-species 

biofilms of Streptococcus oralis J22, Actinomyces naeslundii TV14-J1 and full dental 

plaque were grown at shear rates ranging from 0.1 to 50 s-1 and their compressive 
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strength was measured. Subsequently, biofilms architecture was evaluated using 

confocal laser scanning microscopy. Multi-species biofilms were stronger than single 

species biofilms, with strength values ranging from 6 to 51 Pa and from 5 to 17 Pa, 

respectively. In response to increased hydrodynamic shear, biofilms strength 

decreased and architecture changed from uniform carpet-like to more “fluffy” with a 

higher thickness. S. oralis biofilms grown under variable shear of 7 and 50 s-1 

possessed properties intermediate of the ones measured at the respective single 

shears.  

The study presented in Chapter 5, aimed to determine if biofilms of 

coaggregating bacteria were stronger than of non-coaggregating and single species 

biofilms. Coaggregation, known as a specific cell-to-cell recognition that occurs 

between genetically distinct cell types, is one of the types of microbial interaction. 

Single species biofilms of Streptococcus oralis J22,  Streptococcus sanguis PK1889 

and Actinomyces naeslundii TV14-J1, biofilms of a coaggregating pair  

Streptococcus oralis J22 and Actinomyces naeslundii TV14-J1, and a non-

coaggregating pair Streptococcus sanguis PK1889 and Actinomyces naeslundii 

TV14-J1 were grown in parallel plate flow chamber and subjected to compression 

forces in a uniaxial low load compression tester (LLCT). Biofilms architecture was 

evaluated using confocal laser scanning microscopy. Coaggregating species biofilms 

were 4 times stronger than biofilms of a non-coaggregating pair and 2 to 7 times 

stronger than single species biofilms of S. oralis and A. naeslundii. When S. sanguis 

were grown in combination with A. naeslundii, biofilm strength decreased 3 times 

compared to S. sanguis grown alone.  A correlation was established between the 

percentage of voids and biofilm strength: the biofilms with the lowest percentage of 
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voids possessed the highest strength. Biofilm thicknesses, which were on average 20 

µm for all biofilms, did not influence their strength. 

In Chapter 6, the general discussion, main conclusions of the studies are 

summarized, potential applications for acquired knowledge are offered and a new 

method for measuring mechanical properties of biofilms is presented. 
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Het doel van dit promotiewerk was te onderzoeken, welke biologische en 

ecologische factoren van invloed zijn op de sterkte van medisch-relevante biofilms. 

Uit de veelheid van medisch belangrijke biofilms, richtten we ons voornamelijk op 

orale biofilms en schimmel biofilms van Candida soorten. We bestudeerden hoe 

morfologische en soortensamenstelling, biofilm architectuur, hydrodynamische 

omstandigheden tijdens de groei, EPS samenstelling en “quorum sensing” de 

mechanische eigenschappen van een biofilm beïnvloeden. Biofilm mechanica werd 

bestudeerd met behulp van een nieuwe methode, “low load compression testing” 

(LLCT), waarmee de weerstand van biofilms tegen compressie en de dikte van een 

biofilm nauwkeurig bepaald kunnen worden. Fase contrast en confocale laser 

scanning (CLSM) microscopie werden gebruikt om de architectuur van de biofilms te 

visualiseren. 

Hoofdstuk 1 introduceert de lezer in het onderwerp door het geven van een 

definitie van het begrip “biofilm”, een overzicht van medisch-relevante biofilms en een 

samenvatting van recente studies aangaande de mechanische eigenschappen van 

biofilms. 

In hoofdstuk 2 beschrijven wij LLCT, als een nieuwe methode voor het meten 

van de dikte van een biofilm. Dikte is een belangrijke karakteristiek van een biofilm 

en huidige methoden voor het meten van biofilm diktes zijn vaak kostbaar en dus niet 

overal beschikbaar. Het meten van biofilm dikte met LLCT, gebeurde door een 

minimale compressie (maximaal 5 Pa, overeenkomend met 0.1% vervorming) op de 

biofilm uit te oefenen, waaruit vervolgens de dikte van de biofilm bepaald kon 

worden. Een vergelijking van de diktes van de verschillende bacteriële en schimmel 
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biofilms, bepaald met LLCT en verkregen met behulp van CLSM (de methode die tot 

nu toe werd gebruikt), leverde de conclusie op, dat CLSM de dikte van een biofilm 

onderschat. Dit was met name het geval voor de dikkere biofilms en is waarschijnlijk 

te wijten aan de slechte penetratie van de verschillende fluorescerende kleurstoffen 

in de biofilms. Dikte bepalingen door LLCT worden niet beïnvloed door deze 

beperking. 

Het doel van de studie gepresenteerd in hoofdstuk 3 is de factoren te 

identificeren die bepalend zijn voor de compressie sterkte van Candida biofilms. 

Candida albicans is de veroorzaker van veel schimmelinfecties bij mensen. 

Mechanische eigenschappen van Candida biofilms zijn tot nu toe niet bestudeerd, 

ondanks het feit dat de mechanische eigenschappen belangrijk zijn voor de selectie 

van een juiste behandeling en de verspreiding van biofilm organismen door het 

lichaam. Biofilms van C. albicans Caf2-1, de mutant Chk24, welke het eiwit Chk1p 

mist dat betrokken is in de morfogenese van gist-tot-hyfe, en de gen-mutant Chk23 

werden gebruikt, alsmede twee andere candida stammen: C. tropicalis GB9/9 en C. 

parapsilosis GB 2/8, afkomstig van gebruikte stem prothesen. De aanwezigheid van 

hyfen bleek de mechanische sterkte van schimmel biofilms te bevorderen. Biofilms 

met meer dan 50% hyfen bleken aanzienlijk sterker dan biofilms met minder hyfen. 

De aanwezigheid van extracellulair DNA (eDNA) had een negatieve invloed op de 

sterkte van C. albicans Caf2-1 en Chk24 biofilms, alhoewel het bepalen van de 

invloed van eDNA niet eenvoudig was, omdat de hoeveelheid eDNA niet 

onafhankelijk van het percentage hyfen gevarieerd kon worden. 

In hoofdstuk 4 wordt de invloed van de hydrodynamische omstandigheden 

tijdens de groei en de soorten samenstelling op de mechanische eigenschappen van 

orale biofilms onderzocht. Biofilms bestaande uit één of meerdere stammen 
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(Streptococcus oralis J22 en Actinomyces naeslundii TV14-J1) en biofilms uit totaal 

speeksel werden gegroeid onder verschillende afschuifkrachten variërend van 0.1 tot 

50 s-1. Biofilms bestaande uit meerdere bacterie stammen  waren sterker (6 tot 51 Pa 

) dan biofilms bestaande uit één stam (5 tot 17 Pa). De architectuur van de biofilms 

veranderde ook onder invloed van de afschuifkrachten tijdens groei en biofilms 

gegroeid onder lage afschuifkrachten waren compacter dan biofilms gegroeid onder 

hogere afschuifkrachten, die een meer "pluizig" uiterlijk hadden. Wanneer de 

afschuifkrachten tijdens de groei gevarieerd werden, nam de biofilm de architectuur 

aan van de laatst toegepaste afschuifkracht. De mechanische sterkte echter, bleek 

een intermediaire waarde aan te nemen. 

De studie gepresenteerd in hoofdstuk 5 heeft als doel om vast te stellen of 

orale biofilms van coaggregerende bacteriën een andere mechanische sterkte 

hebben dan die van niet-coaggregerende bacteriën en biofilms bestaande uit één 

bacterie stam. Coaggregatie is een specifieke cel-cel herkenning, die optreedt tussen 

genetisch-verschillende stammen, waardoor een hechtingsreactie tussen de beide 

soorten optreedt. Biofilms bestaande uit één bacterie stam, S. oralis J22, S. sanguis 

PK1889 of A. naeslundii TV14-J1, biofilms van een coaggregerend paar S. oralis J22 

en A. naeslundii TV14-J1, en een niet-coaggregerend paar S. sanguis PK1889 en A. 

naeslundii TV14-J1 werden gegroeid in een parallelle plaat stroomkamer en 

onderworpen aan compressie krachten in LLCT. Biofilm architectuur werd 

geëvalueerd met behulp van een CLSM. Coaggregerende paren vormden biofilms 

die 4 keer sterker waren dan biofilms van een niet-coaggregerend paar. Tevens 

waren de biofilms van het coaggregerende paar 2 tot 7 maal sterker dan biofilms van 

alleen S. oralis en A. naeslundii. Er bleek een correlatie tussen het percentage “lege 

ruimten” (poriën) in de biofilms en de mechanische sterkte: biofilms met minder 
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poriën waren sterker dan biofilms met meer poriën. De gemiddelde dikte van de 

biofilm varieerde rond de 20 µm en had geen invloed op hun sterkte. 

In hoofdstuk 6 worden de belangrijkste conclusies van deze studie 

samengevat en worden suggesties gedaan voor een nieuwe methode om ook 

afschuif- en treksterkte van biofilms te kunnen meten. 
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