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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.  
 
 

 



General discussion 
 
 

98 

REFERENCES 

1.  Berman, J. and P.E. Sudbery. 2002. Candida albicans: a molecular revolution 
built on lessons from budding yeast. Nat. Rev. Genet. 3:918-930. 

2.  Christersson, C.E., R.G. Dunford, P.O.J. Glantz, and R.E. Baier. 1989. Effect 
of critical Surface tension on retention of oral microorganisms. Scand. J. Dent. 
Res. 97:247-256. 

3.  Christersson, C.E., P.O.J. Glantz, and R.E. Baier. 1988. Role of temperature 
and shear forces on microbial detachment. Scand. J. Dent. Res. 96:91-98. 

4.  Cisar, J.O., P.E. Kolenbrander, and F.C. Mcintire. 1979. Specificity of 
coaggregation reactions between human oral streptococci and strains of 
Actinomyces viscosus or Actinomyces naeslundii. Infect. Immun. 24:742-752. 

5.  Costerton, J.W., P.S. Stewart, and E.P. Greenberg. 1999. Bacterial biofilms: a 
common cause of persistent infections. Science 284:1318-1322. 

6.  Davies, D.G., M.R. Parsek, J.P. Pearson, B.H. Iglewski, J.W. Costerton, and 
E.P. Greenberg. 1998. The involvement of cell-to-cell signals in the 
development of a bacterial biofilm. Science 280:295-298. 

7.  Douglas, L.J. 2003. Candida biofilms and their role in infection. Trends 
Microbiol. 11:30-36. 

8.  Dunsmore, B.C., A. Jacobsen, L. Hall-Stoodley, C.J. Bass, H.M. Lappin-Scott, 
and P. Stoodley. 2002. The influence of fluid shear on the structure and 
material properties of sulphate-reducing bacterial biofilms. J. Ind. Microbiol. 
Biotech. 29:347-353. 

9.  Flemming, H.C., J. Wingender, C. Mayer, V. Korstgens, and W. Borchard. 
2000. Cohesiveness in biofilm matrix polymers, p. 87-105. In D. Allison, P. 
Gilbert, H.M. Lappin-Scott, and M. Wilson (eds.), Community structure and 
cooperation in biofilms. Cambridge University Press, Cambridge, UK. 

10.  Handley, P.S., D.W.S. Harty, J.E. Wyatt, C.R. Brown, J.P. Doran, and A.C.C. 
Gibbs. 1987. A comparison of the adhesion, coaggregation and cell-surface 
hydrophobicity properties of fibrillar and fimbriate strains of Streptococcus 
salivarius. J. Gen. Microbiol. 133:3207-3217. 

11.  Hornby, J.M., E.C. Jensen, A.D. Lisec, J.J. Tasto, B. Jahnke, R. Shoemaker, 
P. Dussault, and K.W. Nickerson. 2001. Quorum sensing in the dimorphic 
fungus Candida albicans is mediated by farnesol. Appl. Environ. Microbiol. 
67:2982-2992. 

12.  Koop, H.M., M. Valentijnbenz, A.V.N. Amerongen, P.A. Roukema, and J. 
Degraaff. 1989. Aggregation of 27 oral Bacteria by human whole saliva - 
influence of culture medium, calcium, and bacterial cell concentration, and 
interference by autoaggregation. A. Van Leeuw. J. Microbiol. 55:277-290. 

13.  Korstgens, V., H.C. Flemming, J. Wingender, and W. Borchard. 2001. 
Influence of calcium ions on the mechanical properties of a model biofilm of 
mucoid Pseudomonas aeruginosa. Wat. Sci. Tech. 43:49-57. 



Chapter 6 
 
 

 99 

14.  Korstgens, V., H.C. Flemming, J. Wingender, and W. Borchard. 2001. Uniaxial 
compression measurement device for investigation of the mechanical stability 
of biofilms. J. Microbiol. Meth. 46:9-17. 

15.  Moller, S., D.R. Korber, G.M. Wolfaardt, S. Molin, and D.E. Caldwell. 1997. 
Impact of nutrient composition on a degradative biofilm community. Appl. 
Environ. Microbiol. 63:2432-2438. 

16.  Nemoto, K., K. Hirota, K. Murakami, K. Taniguti, H. Murata, D. Viducic, and Y. 
Miyake. 2003. Effect of Varidase (streptodornase) on biofilm formed by 
Pseudomonas aeruginosa. Chemotherapy 49:121-125. 

17.  Neu, T.R., G.J. Verkerke, I.F. Herrmann, H.K. Schutte, H.C. Vandermei, and 
H.J. Busscher. 1994. Microflora on explanted silicone-rubber voice prostheses 
- taxonomy, hydrophobicity and electrophoretic mobility. J. Appl. Bacteriol. 
76:521-528. 

18.  Nivens, D.E., D.E. Ohman, J. Williams, and M.J. Franklin. 2001. Role of 
alginate and its O-acetylation in formation of Pseudomonas aeruginosa 
microcolonies and biofilms. J. Bacteriol. 183:1047-1057. 

19.  Nyvad, B. and M. Kilian. 1987. Microbiology of the early colonization of 
human-enamel and root surfaces in vivo. Scand. J. Dent. Res. 95:369-380. 

20.  Stoodley, P., R. Cargo, C.J. Rupp, S. Wilson, and I. Klapper. 2002. Biofilm 
material properties as related to shear-induced deformation and detachment 
phenomena. J. Ind. Microbiol. Biotech. 29:361-367. 

21.  Vinogradov, A.M., M. Winston, C.J. Rupp, and P. Stoodley. 2004. Rheology of 
biofilms formed from the dental plaque pathogen Streptococcus mutants. 
Biofilms 1:49-56. 

22.  Wloka, M., H. Rehage, H.C. Flemming, and J. Wingender. 2005. Structure and 
rheological behavior of the extracellular polymeric substance network of 
mucoid Pseudomonas aeruginosa biofilms. Biofilms 2:275-283. 

  
 

 

 

 




