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 CHAPTER 5 

STRENGTH OF ORAL BIOFILMS IS ENHANCED 

DUE TO HIGHER PACKING EFFICIENCY IN 

COAGGREGATING AND SINGLE SPECIES 

BIOFILMS 
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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 
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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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