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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.  

 

 



Hydrodynamics and species composition govern oral biofilms strength 
 
 

 65

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 
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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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