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CHAPTER 3 

 

 

COMPARISON OF DIFFERENT MODES OF CONTACT 

BRUSHING ON REMOVAL OF 

EARLY COLONIZING ORAL BACTERIA 

- DUAL- AND MULTI-SPECIES BIOFILMS IN VITRO - 
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Introduction 

Upon exposure of a completely cleaned enamel surface to the oral cavity, adsorption 

of salivary proteins starts within seconds and already within the first minute selective 

adsorption of specific salivary components can be observed as the on-set of pellicle 

formation. After pellicle formation, the first bacteria commence to adhere as the initial 

event in dental plaque formation (Hannig, 1999; Nieuw Amerongen et al., 2004). 

Initially, the pellicle is colonized by early colonizing bacterial strains, such as 

Streptococci and Actinomyces species, after which bacterial acquisition continues by 

different strains and species, leading to a complex biofilm. In supragingival plaque, 

Actinomyces species are the dominant part of the microbiota. Other prominent species 

are Streptococcus, Veillonella, Eikenella and Neisseria among others (Ximenez-Fyvie 

et al., 2000; Ramberg et al., 2003; Li et al., 2004; Kolenbrander et al., 2006). The 

development and therewith the architecture of dental plaque or oral biofilm is not only 

time dependent, but also influenced by the individuals resident microbial flora, 

acquisition of bacteria, dietary habits and host response factors in salivary 

components (Marsh, 2003; Rasiah et al., 2005; Diaz et al., 2006). 

The plaque-biofilm that forms and remains on tooth surfaces after oral hygiene 

is the main etiological factor in the development of caries and periodontal disease. 

Three different theories have been proposed to describe the etiology of periodontal 

diseases: the non-specific plaque hypothesis (Theilade, 1986), the ecological plaque 

hypothesis (Marsh, 1994) and the specific plaque hypothesis (Loesche, 1976). The 

non-specific plaque hypothesis is the most frequently and successfully applied theory 

for the prevention and control of gingivitis. It asserts that many of the microorganisms 

in the heterogeneous mixture in plaque could play a role in the development of 

periodontal diseases and these diseases are a result of the overall interaction of the 



 
49 

microflora in the host. Maximum plaque reduction approaches in preventive dentistry, 

as introduced by e.g. Axelsson et al. (Axelsson et al., 2004), are based on this theory. 

The ecological plaque hypothesis proposes that a change in a key environmental 

factor (or factors) will trigger a shift in the balance of the resident plaque microflora 

and that this change might predispose a site to disease. The specific plaque hypothesis 

proposes that, of the diverse collection of microorganisms constituting the resident 

plaque microflora, only a very limited number are actively involved in causing 

disease, such as bacteria from the red complex, Porphyromonas gingivalis, Tannerella 

forsythensis (Bacteroides forsythus), Treponema denticola (Socransky et al., 1998) 

and Actinomyces actinomycetemcomitans (Van der Velden et al., 2006). These 

bacteria are part of the late colonizers which mostly coaggretate with Fusobacterium 

nucleatum, acting as a coaggregating bridge between early and late colonizers. 

(Kolenbrander et al., 2006). Due to the complex process of plaque formation, in vitro 

experiments including different biofilm models need to be conducted, starting with 

early colonizers to be able to follow biofilm formation step by step and ending by 

growing multi-species biofilms, as relevant for clinical studies. 

In chapter two we found that the choice of a given bacterial strain was of great 

importance in in vitro evaluation of mechanical plaque removal in a contact mode (i.e. 

brushing), as different strains of early or later colonizing bacteria clearly had different 

binding strengths to the salivary pellicle. However, single species biofilms lack the 

interaction between strains as present in multi-species biofilms, such as dental plaque 

in vivo. Therefore the aim of the present study was to compare dual-species biofilms 

and multi-species biofilms (human whole saliva) after adhesion or growth, with 

respect to their ease of removal by different modes of brushing. Re-deposition after 

brushing depends on the applied force and brushing mode (Van der Mei et al., 2004), 
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and therefore the second goal was to study re-deposition of bacteria to the brushed 

surfaces from a streptococcal suspension and from fresh human whole saliva. 

 

Materials & Methods 

Bacterial Strains, Culture Conditions and Harvesting 

Actinomyces naeslundii T14V-J1 and Streptococcus oralis J22 were used as a co-

adhering dual-species biofilm model. Culture conditions, harvesting and sonication 

procedures were the same as described in chapter 2 for these two strains. Bacteria 

were diluted to a cell density of 1 x 108 per mL for A. naeslundii T14V-J1 and 3 x 108 

per mL for S. oralis J22 in adhesion buffer (2 mM potassium phosphate, 50 mM 

potassium chloride and 1 mM calcium dichloride, pH 6.8) with 2% growth medium 

(Schaedler’s broth for actinomyces and Todd Hewitt broth for the Streptococcus) 

added. The streptococcal suspension was supplemented with 1.5 mg/mL lyophilized 

human whole saliva, which was collected and prepared as described in chapter 2. 

 

Collection and Preparation of Fresh Human Whole Saliva as a Bacterial Source 

and Growth Medium 

Freshly collected human whole saliva, from two healthy volunteers, was used as a 

multi-species source for bacterial adhesion and biofilm growth with the informed 

consent of the volunteers and with approval of the Medical Ethical Committee at 

UMCG, Groningen (M09.069162), The Netherlands. In the morning, saliva was 

stimulated by chewing Parafilm® and collected into ice-cooled beakers. The bacterial 

density of thus collected fresh human whole saliva was 3.9 ± 0.9 x 108 per mL. The 

two saliva samples were mixed and diluted 1:1 with adhesion buffer, therewith 

reducing the bacterial concentration to around 2 x 108 per mL for initial adhesion 
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experiments. For growth experiments, fresh human whole saliva from the same 

volunteers was centrifuged, in order to remove bacteria, tissue cells and debris, for 10 

min at 10,000 g at 10ºC and filter sterilized by using a 1.2 µm filter followed by a 

0.45 µm filter and diluted by adhesion buffer to a 10% salivary solution. 

 

Flow Chamber Preparation, Deposition Protocol and Brushing 

Bacterial adhesion experiments were performed in a parallel plate flow chamber 

(dimensions: l x w x h = 175 x 17 x 0.75 mm), as previously described (Busscher and 

Van der Mei, 2006). Preparation of the flow chambers, glass slides, tubes and salivary 

coating were described previously (see chapter 2). 

Prior to each experiment, all tubes and the two flow chambers in series were 

filled with adhesion buffer, while care was taken to remove all air bubbles from the 

system. Once the system was filled, and prior to the addition of a bacterial suspension, 

adhesion buffer was pre-flowed for 30 min through the system in order to remove 

remnants of saliva and allow the system to warm up to 33°C, a relevant oral surface 

temperature (Spierings et al., 1984), at which temperature all experiments were 

performed. Solutions were circulated through the system with a constant flow rate of 

1 mL/min, corresponding with a wall shear rate of 10 s-1. For the co-adhesion 

experiments, A. naeslundii T14V-J1 was flowed until an arbitrary surface coverage of 

1 x 106 bacteria/cm2 was reached. Thereafter, flow was switched to buffer to remove 

unattached bacteria from the flow chamber and tubes for 30 min; this step did not 

remove any of the adhering A. naeslundii. Co-adhesion was initiated by switching the 

flow to S. oralis J22 in saliva for 2 h. The viability of the bacterial suspensions during 

the first 2 h of adhesion was checked using Live/Dead stain (BacLightTM, Invitrogen, 

Breda, The Netherlands) and amounted 97% on average. After 2 h adhesion either the 
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brushing procedure was performed followed by 2 h re-deposition of S. oralis J22 or 

flow was continued by overnight growth (without recirculating, but at the same flow 

rate) with Todd Hewitt broth as a growth medium, followed by brushing and 2 h re-

deposition of S. oralis J22.  

Brushing was performed as follows: after 2 h adhesion or overnight growth, 

the flow was stopped, the flow chambers dismantled and the bottom plates removed. 

Each glass slide was divided by a bar in two parts, creating four separate parts in total, 

three for brushing and one for the non-brushing control. The dividing bar prevented 

influences of brushing on the other part. The selected areas were brushed in a wetted 

state (i.e. with a thin film of water on the pellicle but not immersed), for 20 s with the 

brushes attached to a moving tray (Van der Mei et al., 2004), involving 20 single 

strokes back and forth over a distance of 5.5 (manual), 4.0 (electric rotating) or 5.0 

(sonic) cm. Each brush crosses the complete glass plate (2.6 cm) and under a 

clinically relevant weight of 220 g for the manual (Oral-B soft indicator Regular 40; 

Oral-B laboratories, Belmont, CA, USA), 150 g for the electric rotating (Oral-B 

Professional Care 7850 DLX; Braun GmbH, Kronberg, Germany) and 90 g for the 

sonic brush (Oral-B Sonic Complete; Braun GmbH) (Danser et al., 1998; McCracken 

et al., 2001; Van der Mei et al., 2004; Van der Weijden et al., 2004). 

After brushing, the glass plates were mounted again in the parallel plate flow 

chamber, and rinsed with buffer for 30 min. Subsequently, 10 images of the selected 

areas, brushed or non-brushed, were taken and re-deposition of S. oralis J22 for 2 h 

was started. After re-deposition, the flow chambers were rinsed with adhesion buffer 

for 30 min and again 10 images were taken in the same selected areas as after 

brushing. 
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Bacterial adhesion from fresh human whole saliva (containing 85% viable 

bacteria) was done by flowing with a 50% dilution of saliva for 2 h through the flow 

chamber followed by brushing and 2 h re-deposition from fresh saliva. For the growth 

experiments, 2 h adhesion from fresh human whole saliva was continued by overnight 

growth (without recirculating) with a filter sterilized, fresh 10% saliva solution as a 

growth medium, followed by brushing and 2 h re-deposition from fresh saliva. 

Brushing and taking images were done as described for the co-adhesion experiments. 

The salivary flow rate was 0.5 mL/min during growth corresponding to a wall shear 

rate of 5 s-1, to limit the volume of saliva required. 

In order to account for potential detachment processes during handling of the 

flow chambers, one saliva-coated glass plate with adhering bacteria was taken through 

the entire procedure in the absence of any brushing.  

Images were analyzed with a Matlab based counting program, to determine the 

fractional surface coverage (A) of the substratum by adhering bacteria. The 

percentage removal was subsequently calculated by: 

100% ∗
−

=
b

ab

A

AA
removal      (1) 

where Ab and Aa denote the fractional surface coverage before and after brushing, 

respectively.  

 

Statistical Analysis 

Statistical analysis and comparison of the different groups was performed with 

Student’s paired samples t-test for comparison before and after brushing and Student’s 

independent samples t-test for comparisons between the different brushes. Two way 

ANOVA was used for comparison between 2 h adhesion and growth, taking the three 

brushing modes together. A significance level of p < 0.05 was used. 
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Results 

Dual-species: After 2 h adhesion and 16 h growth but prior to brushing and opening 

of the flow chamber, the fractional surface coverage of bacteria on the surface, was 

0.13 ± 0.04 and 0.80 ± 0.13, respectively. Using two flow chambers in series did not 

cause any differences in the amount of bacteria/cm2 at any place of the bottom plates 

after 2 h or growth. The removal by the three different brushing modes (manual, 

electric rotating and sonic) was on average 93% after 2 h adhesion and 85% after 

growth and is depicted in Figure 1. After 2 h adhesion, removal by all brushes was 

similar, in contrast to the removal after growth. The sonic brush removed more 

bacteria after growth than the electric rotating and manual brush, but the differences 

were not significant. However, the removal after 2 h was significantly higher than 

after growth. Note in Table 1 that opening the flow chamber and all other 

manipulations, excluding the brushing actions, removed 28% of the bacteria after 2 h 

adhesion and 67% after growth. 

Redeposited bacteria after 2 h adhesion and percentage regained showed no 

significant differences for the three brushing modes, and also after growth no 

significant differences were observed between the brushes. After re-deposition for 2 h 

adhesion experiments, the brushed biofilm regains to half (53%) its thickness 

compared to before brushing, while for growth experiments this was significantly 

lower (28%). Comparison between 2 h adhesion and growth shows that the fractional 

surface coverage of redeposited bacteria was significantly higher after growth (see 

Table 1). 
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Figure 1. Images of dual-species A. naeslundii T14V-J1 and S. oralis J22 for 2 h 
adhesion and growth experiments. (A) bacteria adhering after 2 h adhesion and (B) 
after 2 h adhesion followed by removal using a electric rotating brush. (C) bacteria 
adhering after growth and (D) after growth followed by removal using a manual 
brush. Bar denotes 10 µm. 
 
Table 1. Fractional surface coverage by adhering bacteria (S. oralis J22 and A. 
naeslundii T14V-J1) after brushing on saliva-coated glass and the percentage removal 
after brushing by three different brushing modes. The percentage removal is not 
corrected for handling of the flow chamber and includes brushing, opening and 
closing of the flow chamber. Furthermore, the fractional surface coverage by newly 
deposited bacteria and the percentage fractional surface coverage of adhering bacteria 
regained after re-deposition is shown. 
%Removal and %regained were expressed with respect to the coverage by bacteria 
after 2 h of adhesion or 16 h growth. After 2 h adhesion and 16 h growth, the 
fractional surface coverage of bacteria on the surface, was 0.13 ± 0.04 and 0.80 ± 
0.13, respectively. 
 

22 ± 40.09 ± 0.0589 ± 60.09 ± 0.05Sonic

29 ± 110.11 ± 0.0185 ± 110.12 ± 0.10Electric rotating

34 ± 50.11 ± 0.0281 ± 70.16 ± 0.07Manual

--670.26control#16 h growth

56 ± 180.06 ± 0.0191 ± 50.010 ± 0.002Sonic

49 ± 150.05 ± 0.0193 ± 30.008 ± 0.001Electric rotating

55 ± 120.06 ± 0.0295 ± 40.006 ± 0.003Manual

--280.09control#2 h adhesion

% regainedFSC% removalFSCToothbrushDual-species

RedepositedAfter brushing

# = control experiment involving opening and closing of the flow chamber only.

22 ± 40.09 ± 0.0589 ± 60.09 ± 0.05Sonic

29 ± 110.11 ± 0.0185 ± 110.12 ± 0.10Electric rotating

34 ± 50.11 ± 0.0281 ± 70.16 ± 0.07Manual

--670.26control#16 h growth

56 ± 180.06 ± 0.0191 ± 50.010 ± 0.002Sonic

49 ± 150.05 ± 0.0193 ± 30.008 ± 0.001Electric rotating

55 ± 120.06 ± 0.0295 ± 40.006 ± 0.003Manual

--280.09control#2 h adhesion

% regainedFSC% removalFSCToothbrushDual-species

RedepositedAfter brushing

# = control experiment involving opening and closing of the flow chamber only.  
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Multi-species: After 2 h adhesion and 16 h growth but prior to brushing and opening 

of the flow chamber, the fractional surface coverage of bacteria on the surface, was 

0.004 ± 0.001 and 0.32 ± 0.12, respectively. The percentage removal after 2 h 

adhesion or growth was not significantly different between the three brushing modes. 

As for dual-species, the removal after 2 h adhesion (78%) is significantly different 

from the removal after growth (97%) (see Figure 2). Moreover, the percentage 

regained was significantly higher for 2 h adhesion experiments (95%) than compared 

to growth (7%) (see Table 2). Redeposited bacteria after growth show a higher 

fractional surface coverage for the sonic brush than for the manual or electric rotating 

brushes. 

 
 
 

 

A B

C D

A B

C D  
 

Figure 2. Images of bacteria adhering from fresh human whole saliva for 2 h adhesion 
and growth experiments. (A) bacteria adhering after 2 h adhesion and (B) after 2 h 
adhesion followed by removal using a manual brush. (C) Bacteria adhering after 
growth and (D) after growth followed by removal using a sonic brush. Bar denotes 10 
µm. 
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Table 2. Fractional surface coverage by adhering bacteria (from fresh saliva) after 2 h 
as well as overnight growth on saliva-coated glass and the percentage removal after 
brushing by three different brushing modes. The percentage removal is not corrected 
for handling of the flow chamber and includes brushing, opening and closing of the 
flow chamber. Furthermore, the fractional surface coverage by newly deposited 
bacteria and the percentage fractional surface coverage of adhering bacteria regained 
after re-deposition is shown. 
%Removal and %regained was expressed with respect to the coverage by bacteria 
after 2 h of adhesion or 16 h growth. After 2 h adhesion and 16 h growth, the 
fractional surface coverage of bacteria on the surface, was 0.004 ± 0.001 and 0.32 ± 
0.12, respectively. 
 

--140.28control#16 h growth

15 ± 110.034 ± 0.04495 ± 30.015 ± 0.009Sonic

3 ± 20.006 ± 0.01098 ± 10.006 ± 0.004Electric rotating

2 ± 10.005 ± 0.00599 ± 10.003 ± 0.000Manual

101 ± 850.003 ± 0.00376± 10.0008 ± 0.0002Sonic

98 ± 700.003 ± 0.00280 ± 60.0007 ± 0.0005Electric rotating

86 ± 510.002 ± 0.00177 ± 140.0008 ± 0.0004Manual

--520.002control#2 h adhesion

% regainedFSC% removalFSCToothbrushMulti-species

RedepositedAfter brushing

# = control exp involving opening and closing of the flow chamber only.

--140.28control#16 h growth

15 ± 110.034 ± 0.04495 ± 30.015 ± 0.009Sonic

3 ± 20.006 ± 0.01098 ± 10.006 ± 0.004Electric rotating

2 ± 10.005 ± 0.00599 ± 10.003 ± 0.000Manual

101 ± 850.003 ± 0.00376± 10.0008 ± 0.0002Sonic

98 ± 700.003 ± 0.00280 ± 60.0007 ± 0.0005Electric rotating

86 ± 510.002 ± 0.00177 ± 140.0008 ± 0.0004Manual

--520.002control#2 h adhesion

% regainedFSC% removalFSCToothbrushMulti-species

RedepositedAfter brushing

# = control exp involving opening and closing of the flow chamber only.  
 
 

Discussion 

In this study, we compared the efficacy of three different modes of brushing on 

removal and re-deposition of dual-species and multi-species bacteria from salivary 

pellicle surfaces, after 2 h adhesion as well as after 2 h adhesion followed by growth. 

Interestingly, despite the fact that no differences were observed between the 

different brushing modes, remarkable differences between 2 h adhesion and 16 h 

growth experiments as well as between dual-species and multi-species bacterial 

adhesion was observed. The binding strength measured by the percentage removal 

revealed opposite effects between the dual-species and multi-species biofilms. Dual-

species biofilms show a significantly stronger binding after growth, in contrast to 

multi-species biofilms, which show a significantly weaker binding after growth. 
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Influence of footprints, as demonstrated by an increased re-deposition depending on 

weight and brushing mode, in the co-adhesion experiments by Van der Mei et al. 

(Van der Mei et al., 2004) could not be confirmed in the present study. The absence of 

differences in percentage removal and re-deposition between brushes, is explained by 

the fact that brushing was done in a contact mode and with clinically relevant weights, 

which is usually highly effective in these models (Danser et al., 1998; McCracken et 

al., 2001; Van der Mei et al., 2004; Van der Weijden et al., 2004; Van der Mei et al., 

2007). 

The multitude of proteins present in human whole saliva and on pellicle coated 

surfaces, elicit complex interactions with specific adhesins on and between bacteria. 

Adhesion of A. naeslundii as well as S. oralis is promoted by the interaction with the 

salivary pellicle mucin MG2, proline rich proteins and proline rich glycoproteins 

(Murray et al., 1992; Ruhl et al., 2004). The phosphoprotein-binding type 1 fimbriae 

of A. naeslundii are responsible for binding to the pellicle and are likely to be 

involved in the stronger binding of A. naeslundii than of S. oralis (Cisar et al., 1984; 

Prakobphol et al., 1995; Carlen et al., 2004; Ruhl et al., 2004; Tang et al., 2004; 

Sharma et al., 2005). Co-adhesion is mediated by Gal/GalNAc-binding type 2 

fimbriae of A. naeslundii with a specific streptococcal receptor polysaccharide on S. 

oralis (Ruhl et al., 2004; Yoshida et al., 2006). During growth, A. naeslundii probably 

strengthens the bonds with the pellicle and their co-adhering partners, resulting in a 

strongly adhering “initial layer” of bacteria, that is difficult to remove. This bond 

strengthening does not take place during 2 h adhesion due to time restraints and 

nutrient availability which causes a weaker bonding compared to growth overnight in 

full growth medium. 
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The human oral cavity consists of thousands of different bacterial species 

(Kolenbrander et al., 2006; Ten Cate, 2006; Keijser et al., 2008), which likely all 

adhere from saliva. Therewith, the competition for adhesion is much stronger than in 

the co-adhering dual-species model, resulting in a large variance of species on the 

surface and a spatial organization, which will change when the biofilm develops. The 

bacterial density in the fresh human whole saliva used in this study was 2.0 x 108 per 

mL, although it can not be ruled out that saliva-induced aggregation and co-

aggregation between different bacterial species reduce the number of single bacteria 

available for adhesion. Moreover, adhesion of aggregates is more difficult because 

they are rinsed away more easily. Therewith it is not surprising that less bacteria 

adhere from the multi-species model after 2 h than in the dual-species model. Also, 

the initial deposition rates of Streptococci is five to ten times faster when taking place 

in the immediate vicinity of adhering Actinomyces (Bos et al., 1996), which provides 

a stimulus in the dual-species model for the rapid adhesion of Streptococci. 

Streptococci and Actinomyces are the most prominent initial colonizers of the 

tooth surface, although their presence in saliva differs in favor of a higher proportion 

of Actinomyces (Li et al., 2004). Of the Streptococci, S. gordonii, S. mitis and S. 

sanguinis are present in higher proportions than S. oralis, both in saliva as well as in a 

biofilm until 2 h (Li et al., 2004). Co-adhesion experiments by Palmer et al. (Palmer 

et al., 2001) showed that neither A. naeslundii nor S. oralis grew when coadhering 

with S. gordonii, whereas co-adhesion of A. naeslundii and S. oralis showed a 

luxuriant and interdigitated growth. Due to S. gordonii being the predominant initial 

colonizer and the almost absence of rods in our bacterial adhesion from whole saliva, 

only little co-adhesion of the type formed in the dual-species experiments is to be 

expected.  
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Summarizing, the use of fresh human whole saliva as a source for bacteria in a 

multi-species biofilm model is the closest to clinical reality and therefore the best 

model for oral biofilms. However, when used in mechanical plaque removal in vitro 

experiments, the weak binding and low number of adhering bacteria after 2 h to the 

surface should be taken into account. Moreover, in the dual-species biofilm model, the 

composition is accurately controlled, opposite to the situation where a biofilm is 

grown from fresh human whole saliva. Furthermore, the dual-species model forms a 

strongly adhering biofilm, and is therewith a good “worst case” model for use in 

mechanical plaque removal studies in vitro. The choice of the parallel plate flow 

chamber for biofilm growth remains the best choice, based on the presence of shear 

during growth, temperature control and possibility of observing during the 

experiment. However it must be taken into account that opening and closing the flow 

chamber has a substantial effect on removal of the biofilm. In the present study, 

manual and powered brushes performed equally well in biofilm removal in a contact 

mode. 
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