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ABSTRACT 

Objectives Oral biofilm is inevitably left behind, even after powered 

brushing. As a special feature, powered brushing removes biofilm in a non-

contact mode. When the brushing distance becomes too large, biofilm is left 

behind. We hypothesize that biofilm left-behind after brushing has 

different viscoelastic properties than before brushing, impacting 

antimicrobial penetration. 

Materials and methods In vitro grown dual-species biofilms were subjected 

to 20% mechanical deformation before and after powered brushing at 4 mm 

brushing distance. Biofilm thickness and stress relaxation were measured 

for un-brushed and brushed biofilms. Stress relaxation was analyzed with a 

three element Maxwell model. Antimicrobial penetration from five 

mouthrinses was microscopically evaluated for un-brushed and brushed 

biofilms.  

Results Thicknesses of un-brushed and brushed biofilms were similar. 

Brushing decreased the prevalence of fast and increased prevalence of slow 

relaxation elements, which was accompanied by deeper penetration of 

chlorhexidine and cetylpyridinium chloride. Penetration of antimicrobials 

from other mouthrinses was relatively low in un-brushed and brushed 

biofilms.  

Conclusions This confirmation of our hypothesis points to an additional 

advantage of powered toothbrushing in a non-contact mode, changing the 

viscoelastic properties of biofilm in a direction that increases antimicrobial 

penetration of chlorhexidine and cetylpyridinium chloride.  

Clinical relevance Biofilm left-behind after non-contact powered 

toothbrushing may have less recalcitrance toward penetration of 

chlorhexidine and cetylpyridinium chloride than prior to brushing. 
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INTRODUCTION 

Mechanical removal of oral biofilm is the most important, generally 

accepted way to prevent oral diseases like caries and periodontitis 

(Claydon, 2008). Despite the development of powered toothbrushes with 

various modes of bristle motion and filament trims (Heersink et al., 2003; 

Lea et al., 2007) and multiple other tools like dental floss (Hujoel et al., 2006; 

Sambunjak et al., 2011), water floss (Sharma et al., 2012) and toothpicks 

(Hoenderdos et al., 2008), full removal of oral biofilm has remained 

impossible and biofilm is inevitably left-behind. Often after toothbrushing, 

oral biofilm is left-behind in interproximal areas, fissures, gingival pockets 

and around orthodontic appliances. Powered toothbrushes have the ability 

to remove biofilm beyond the reach of the bristles (“non-contact brushing”), 

provided the energy output of the brush is sufficient (Hope et al., 2003; 

Busscher et al., 2010). However, when the brushing distance becomes too 

large, biofilm is left-behind as well. The estimated energy output of 

powered toothbrushes varies and rotating/oscillating brushes have been 

calculated to have a high energy output of around 950 mW (Veeregowda et 

al., 2012). Increasing the energy output of a powered toothbrush to enhance 

biofilm removal beyond the bristles is not always an option, as too high an 

energy output negatively affects the mouthfeel after brushing due to removal 

of lubricating proteins from the adsorbed salivary conditioning film. In this 

respect, it is of interest that consumers’ mouthfeel after sonic brushing with 

a nine-fold smaller estimated energy output than rotating-oscillating 

toothbrushes, is slightly preferred above the mouthfeel after use of rotating-

oscillating toothbrushes (Veeregowda et al., 2012). 
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Ever since the 17th century Dutch fabric merchant Antonie van 

Leeuwenhoek discovered that “that the vinegar with which I washt my Teeth, 

kill’d only those Animals which were on the outside of the scurf, but did not pass 

thro the whole substance of it”, it has been realized that antimicrobials may 

have difficulty in penetrating the biofilms. Fluorescence-based microscopic 

methods have yielded new insights into structure and composition of 

biofilms and how these influence antimicrobial penetration (Zaura-Arita et 

al., 2001). So far, no physical properties of oral biofilms have been 

identified that explain antimicrobial penetration on a quantitative basis. 

Recently, we described that stress relaxation of biofilms relates with 

chlorhexidine penetration. Stress relaxation analysis of single-species in 

vitro and in vivo grown oral biofilms identified a fast, intermediate and 

slow response to an induced deformation, corresponding with outflow of 

water and extracellular polymeric substances, and bacterial re-arrangement, 

respectively (He et al., 2013). Penetration of chlorhexidine into these 

biofilms increased with increasing prevalence of the slow and decreasing 

prevalence of the fast relaxation element. Involvement of slow relaxation 

element suggests that biofilm structures, allowing extensive bacterial re-

arrangement after deformation, are more open, consequently facilitating 

better antimicrobial penetration. Involvement of fast relaxation element 

suggests that water detained inside a biofilm (Flemming, 2011) dilutes the 

antimicrobial upon penetration to an ineffective concentration in deeper 

layers of the biofilm. Moreover, antimicrobial penetration itself may affect 

viscoelastic properties of the biofilm (Brindle et al., 2011). 

 

Oral biofilm left-behind after brushing has the ability to absorb oral 

chemotherapeutics, such as fluorides (Nordstrom and Birkhed, 2009; 
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Aspiras et al., 2010) and antimicrobials (Otten et al., 2010). Oral 

antimicrobials can penetrate into biofilm left-behind, and leach out over a 

time span of 6 h in concentrations that yield prolonged killing of new 

biofilm. Therewith biofilm left-behind may contribute to the substantive 

action of oral antimicrobials, with as an important feature, that substantive 

release occurs, exactly where additional chemotherapeutic control of oral 

biofilm is most needed (Otten et al., 2010). Here we hypothesize that oral 

biofilm left-behind after non-contact brushing will have different 

viscoelastic properties than prior to brushing with an impact on 

antimicrobial penetration. Therefore our aim is firstly to determine the 

changes in viscoelastic properties of in vitro grown, dual-species oral 

biofilm upon non-contact brushing and secondly the penetration of 

antimicrobials from different commercially available mouthrinses into 

brushed biofilms. 

 

MATERIALS & METHODS 

Bacterial strains and growth conditions 

Streptococcus oralis J22 and Actinomyces naeslundii T14V-J1, constituting a 

pair of initial co-adhering colonizers, were grown on blood agar plates and 

used to inoculate 10 mL modified Brain Heart Infusion broth (BHI, Oxoid, 

Basingstoke, UK) (37.0 g/L BHI, 5.0 g/L yeast extract) and cultured 

aerobically for 24 h at 37°C for S. oralis J22 and anaerobically for A. 

naeslundii T14V-J1. These cultures were used to inoculate a second culture, 

and grown for 16 h, harvested by centrifugation and washed twice with 

sterile adhesion buffer (0.147 g/L CaCl2, 0.174 g/L K2HPO4, 0.136 g/L 

KH2PO4, 3.728 g/L KCl, pH 6.8). Bacterial pellets were suspended in 10 mL 
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buffer, sonicated to break bacterial chains and aggregates and suspended in 

buffer to a concentration of 3×108 bacteria/mL. 

 

Biofilm formation in the parallel plate flow chamber 

Biofilms of the co-adhering pair were formed on the bottom glass plate of a 

parallel plate flow chamber, after coating with a salivary conditioning film, 

as described previously (He et al., 2013). A salivary conditioning film from 

reconstituted human whole saliva was created by immersing a glass plate in 

a reconstituted saliva solution for 14 h at 4°C under static conditions. 

Adsorption of salivary proteins was carried out at 4°C in order to prevent 

enzymatic breakdown over the overnight time period allowed for adsorption. 

4°C is rather cold compared to the oral temperatures, but this will only have 

a minor effect on the adsorption processes, since adsorption follows an 

absolute temperature scale and the driving force for adsorption phenomena 

is in terms of kT-units (k is the Boltzman constant, T is the absolute 

temperature). On an absolute temperature scale, the difference between 4°C 

(277 K) and 37°C (310 K) is only 10% which is negligible. Saliva was 

obtained from a freeze-dried stock of human whole saliva from at least 20 

healthy volunteers of both genders. For use, freeze-dried saliva was 

dissolved in adhesion buffer (1.5 g/L). All volunteers gave their informed 

consent to saliva donation, in agreement with the guidelines set out by the 

Medical Ethical Committee at the University Medical Center Groningen, 

Groningen, The Netherlands (letter 06-02-2009). 

 

The glass plate was mounted in the flow chamber and all tubes and the 

chamber were filled with buffer. Then the Actinomyces suspension was 

passed through the chamber for 15 min until adhesion of 1x106 
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bacteria/cm2 was reached, as established using real time phase contrast 

microscopy and image analysis. Next, the flow chamber was rinsed for 15 

min after which co-adhesion was initiated by switching the flow to the 

streptococcal suspension for 2 h, rinsed again for 15 min with buffer, while 

heating the flow chamber to 37°C. The initially co-adhering bacteria were 

grown into a biofilm by switching the flow to a 20% modified BHI solution 

in adhesion buffer for 24 h. After 24 h，the bottom plate with the biofilm 

was removed from the chamber and immersed in buffer. All fluids 

perfused through the system by means of hydrostatic pressure at a wall 

shear rate of 10 s-1, representing a low to moderate oral shear (Dawes et al., 

1989). 

 
Non-contact brushing of oral biofilms and mouthrinse exposure 

Biofilm covered glass plates were placed in a tray，and selected areas were 

brushed with a powered toothbrush (Sonicare FlexCare HX6902/02, Philips, 

The Netherlands) under immersion in adhesion buffer with the toothbrush 

attached to a home-made moving tray, involving 20 single strokes back and 

forth at a speed of one stroke per second. The distance between the longest 

bristle tips and substratum was fixed at 4 mm. Previous experiments 

indicated that for this powered toothbrush, non-contact brushing at a 

brushing distance of 4 mm does not yield any removal of biofilm (Busscher 

et al., 2010). During brushing, the plate was divided into two halves by 

positioning a barrier in the middle of the tray; one side was brushed, while 

the un-brushed biofilm on the other side served as a control. 

 
Un-brushed and brushed biofilms were randomly exposed to a commercial 

mouthrinse (see Table 1) or adhesion buffer as a control for 30 s. 

Subsequently, biofilms were immersed in buffer for 5 min, prior to confocal 
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laser scanning microscopic (CLSM) evaluation of the penetration of 

antimicrobials into the biofilms. All mouthrinses were commercially 

purchased. 

 

Table 1 Overview of the mouthrinses used in this study, together with their main 

active components and manufacturers.  

Mouthrinse Main active components Manufacturer 

Corsodyl® 

(CHX) 

chlorhexidine digluconate 

(CHX, 20,000 ppm) and 

ethanol (11.8%) 

SmithKline Beecham 

Consumer Brands BV, 

Rijswijk, The Netherlands 

Crest® Pro Health™ 

(CPC) 

cetylpyridinium chloride 

(CPC, 700 ppm) 

Procter & Gamble, 

Cincinnati, USA 

Listerine® Cool Mint 

(List) 

essential oils, thymol and 

ethanol (21.6%) 

Pfizer Consumer Healthcare, 

Morris Plains, NJ, USA 

Listerine® Zero™ 

(List Zero) 

essential oils, thymol and 

sodium fluoride (220 ppm) 

Pfizer Consumer Healthcare, 

Morris Plains, NJ, USA 

Elmex® 

(AmF/NaF) 

aminefluoride and sodium 

fluoride (total fluoride 250 

ppm) 

Gaba, Lorrach, Germany 

Abbreviations used throughout this paper are listed in bold under “Mouthrinse”. 

Viscoelastic state of biofilms after brushing 

The thickness and stress relaxation of the biofilms were measured with a 

low load compression tester (LLCT), as described before (He et al., 2013). 

 

For thickness measurements, a biofilm covered glass slide was placed on 

the LLCT stage and the plunger was moved downwards until it touched an 

area of pre-cleaned substratum surface. This position was recorded as the 

bottom of the biofilm. In the second step, the plunger was moved 

downwards until it touched the biofilm, and this position was recorded as 
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well. Subsequently, biofilm thickness was calculated from the difference 

between both positions. “Touch” was defined as the point during the 

plunger’s downward motion, at which a load of 0.01 g was measured. 

 

Stress relaxation was monitored after inducing 20% deformation to a 

biofilm, as described previously (He et al., 2013). Briefly, deformation was 

induced within 1 s and held constant for 100 s, while monitoring stress 

relaxation (see also Fig. 1A). Stress relaxation was measured at three 

different randomly selected locations for each biofilm. Stress relaxation as a 

function of time was analyzed using a generalized Maxwell model 

containing three elements as follows: 

321

321)(
τ

t
τ

t
τ

t

eEeEeEtE


  (1) 

 
in which E(t) is the total stress exerted by the biofilm divided by the strain 

imposed, expressed as the sum of three Maxwell elements with a spring 

constant Ei, and characteristic decay time i (see also Fig. 1B). The elements 

derived were named fast, intermediate or slow based on their  values, i.e. 1 

< 5 s,  5 s < 2 < 100 s and 3 > 100 s, respectively, corresponding with 

outflow of water and extracellular polymeric substances and bacterial re-

arrangement (He et al., 2013). The prevalence of each element, based on the 

value of its spring constant Ei, was expressed as the percentage of its spring 

constant to the sum of all elements’ spring constants at t = 0. 

 

Evaluation of antimicrobial penetration from mouthrinses into biofilms 

Un-brushed as well as brushed mouthrinse exposed biofilms were stained 

for 30 min with live/dead stain (BacLight™, Invitrogen, Breda, The 
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Figure 1 Measurement and Maxwell modeling of the viscoelasticity of biofilms (He 

et al., 2013). (A) Stress versus time diagram for relaxation of a compressed biofilm. 

(B) Schematic of a three element Maxwell model: Ei represent the spring constants 

and τi represent the relaxation time constants, which are equal to i/Ei. 
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Netherlands). A CLSM (Leica TCS-SP2, Leica Microsystems Heidelberg 

GmbH, Heidelberg, Germany) was used to record a stack of images of the 

biofilms with a 40× water objective lens, as described previously (He et al., 

2013). The ratio of the intensity of red (dead bacteria) to green (live 

bacteria), R/G, was plotted versus the biofilm thickness, where the ratio 

R/G became more than 1.5 was taken as the thickness of the dead band 

(see Fig. 2). Next, a penetration ratio was calculated as follows: 

 

thickness biofilm total

thickness band dead
 ration Penetratio    (2) 

 

Penetration ratios are presented as averages over three different randomly 

selected locations on each biofilm. 

 

Statistical analysis 

Statistical analysis was performed with SigmaPlot software (version 11.0, 

systat software, Inc., California, USA). Differences in biofilm thickness, 

viscoelasticity and penetration ratio were evaluated after testing for normal 

distribution and equal variance of the data. If data failed one of these tests, 

a Mann-Whitney Rank Sum test was used to determine statistical 

significance; otherwise a Student t-test was applied. A p value < 0.05 was 

taken as statistically significant. 
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Figure 2 Calculation of the penetration ratio. Red to green intensity ratio (R/G), 

denoting the ratio of dead to live microorganisms in a biofilm versus the thickness 

of the biofilm. a is the dead band thickness and b  is the total biofilm thickness. R/G 

= 1.5 was taken as the cut-off for the thickness of the dead band. 

Figure 3 CLSM images of an un-brushed in vitro  grown dual-species oral biofilm 

(left) and a dual-species biofilm, sonically brushed at the breakdown brushing 

distance for non-contact removal (right), clearly showing volumetric expansion. 

Bar indicates 75 μm. 
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RESULTS 

Biofilm thickness and stress relaxation of un-brushed and brushed 

biofilms 

There was an insignificant increase in biofilm thickness from 32 ± 13 μm 

before brushing to 40 ± 11 μm after brushing (p > 0.05, Student t-test) (Table 

2); while at the same time a more open structure developed (Fig. 3). 

Although the total relaxation Etotal was not affected by brushing, its values 

before and after brushing come into existence through a totally different 

prevalence of the fast and slow relaxation elements (Table 2). The 

prevalence of the fast relaxation element E1 went significantly down from 

66 to 47% (p < 0.05, Student t-test) upon brushing, while the prevalence of 

the slow relaxation element E3 increased from 14 to 30%. The prevalence of 

the intermediate relaxation element E2 was not significantly affected by 

brushing. 

 

Table 2 The thickness and viscoelastic properties of 24 h in vitro oral biofilms 

before and after non-contact brushing1. 

Brushing Thickness (µm) Etotal (%) E1 (%) E2 (%) E3 (%) 

Before 32 ± 13 88 ± 3 66 ± 4 20 ± 7 14 ± 6 

After 40 ± 11 86 ± 5 47 ± 62 24± 8 30 ± 8 

1 data refer to averages ± SE over triplicate experiments with separately grown 

biofilms. 
2 significantly different from the data for biofilms before brushing at p < 0.05. 

 

Penetration ratio of antimicrobials from mouthrinses into biofilms 

Penetration ratios of antimicrobials into the brushed and un-brushed 

biofilms after exposure to the different commercial mouthrinses involved 

in this study are shown in Fig. 4. Note that the biofilm after exposure to 

adhesion buffer as a control contains nearly 100% viable microorganisms, 
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both before and after brushing. Non-contact brushing yielded a significant 

(p < 0.05, Student t-test) increase in the penetration of the antimicrobials 

CHX and CPC, while the penetration of the antimicrobials List, List Zero, 

and Amf/NaF was relatively low before brushing and remained so after 

brushing. 

 

 

 

DISCUSSION 

This study aimed to verify the hypothesis that oral biofilm left-behind after 

non-contact powered toothbrushing will have different viscoelastic 

properties than prior to brushing with an impact on antimicrobial 

penetration. Verification required the choice of an appropriate biofilm 

Figure 4 Penetration ratios  of antimicrobials from commercially available 

mouthrinses into in vitro  grown dual-species  oral biofilms before and after non -

contact brushing. All data represent means ± SE over 9 experiments with 

separately grown biofilms. *indicate a significant difference at p < 0.05 between 

antimicrobial penetration in brushed and un-brushed biofilms. 
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model, substratum surface that was easy to handle, and the selection of a 

powered toothbrush. Biofilm left-behind will predominantly consist of 

initial colonizers of the enamel surface, known to serve the important role 

of anchoring an entire biofilm to a surface (Palmer et al., 2003) and to be 

able to bind strongly to the enamel surface (Mei et al., 2009). Consequently, 

a pair of initial, co-adhering bacterial strains was chosen for this study, 

comprised of S. oralis and A. naeslundii. In the past, we have demonstrated 

that such dual-species biofilms are hard to remove by brushing, in contrast 

to a multi-species biofilm grown from human whole saliva and a single-

species Streptococcus mutans biofilm (Verkaik et al., 2010). Extension of the 

biofilm model used to include more than two strains clearly better mimics 

the composition of in vivo biofilms (Shapiro et al., 2002), but as a drawback 

yields greater problems with respect to reproducibility. Moreover, the 

composition of in vivo biofilms is highly variable and differs between 

surfaces of the same tooth and teeth at different intra-oral locations (Simon-

Soro et al., 2013). Hence, our choice was to use dual-species biofilms 

consisting of initial colonizers. The choice of substratum in this kind of 

biofilm studies seems more important than it really is. Use of 

hydroxyapatite beads is not an option for stress relaxation experiments, 

and enamel brings in a source-dependent variability. All our experiments 

were done on glass substrata after salivary conditioning film formation, 

which in the past has been demonstrated to "equalize" differences in 

substratum properties (Van Dijk et al., 1988). The choice for a sonic 

toothbrush was completely arbitrary and in our opinion not relevant to the 

conclusions of this paper at all. Importantly, all powered toothbrushes 

demonstrate non-contact removal of oral biofilm (Hope et al., 2003; 

Busscher et al., 2010; Schmidt et al., 2013), and all powered toothbrushes 
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possess a breakdown brushing distance between substratum and filament 

tips, above which removal becomes absent and biofilm expansion occurs 

(Busscher et al., 2010 ). For the current side-by-side sonic toothbrush used, 

this breakdown brushing distance amounts to 4 mm, but any other 

powered toothbrush operating at their specific breakdown brushing 

distance could have been chosen. 

 

In vitro grown, dual-species biofilms after non-contact brushing have a 

smaller prevalence of the fast relaxation element E1 than before brushing, 

which indicates lower water content. Accordingly, antimicrobials become 

less diluted upon penetration, yielding more effective killing in deeper 

layers of the biofilm, which is in correspondence with the penetration of 

CHX and CPC but not of antimicrobials penetrating from the other 

mouthrinses included. Non-contact brushing yields an increase in the 

prevalence of the slow relaxation element E3, which means that bacteria 

have more freedom to adapt to a new position after deformation (He et al., 

2013). Said differently, brushed biofilms have become more open, allowing 

antimicrobials to penetrate better. This again is in correspondence with the 

penetration data for CHX and CPC, but not for antimicrobial penetration 

from other mouthrinses. Note that the association of the fast, intermediate 

and slow relaxation elements with the outflow of water and extracellular 

polymeric substances, and bacterial re-arrangement, respectively was 

initially done based on intuition. However, principal components analysis 

of the stress relaxation of a wide variety of different bacterial strains and 

species confirmed (unpublished observations) that three elements suffice to 

describe the stress relaxation of mechanically deformed biofilms with 
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characteristic relaxation time constants, roughly coinciding with the ones 

applied in the current study. 

 

Although, herewith, our hypothesis that oral biofilm left-behind after non-

contact brushing will have different viscoelastic properties than prior to 

brushing with an impact on antimicrobial penetration is proven, it is 

interesting to observe that proof could only be obtained from the use of 

mouthrinses containing CHX or CPC. This is due to the fact that the 

bacterial killing, inferred from live/dead staining, was taken as an 

indicator for antimicrobial penetration. Thus, only strong antimicrobials 

like CHX with a minimal-inhibitory-concentration (MIC) against oral 

bacteria between 2 and 16 ppm (McBain et al., 2003) and CPC (MIC between 

0.03 and 3.4 ppm (Bereswill et al., 1999) will be meaningful indicators of 

their penetration, although upon deeper penetration, they too become 

diluted and ineffective. MIC values for AmF against oral bacteria are much 

higher between 45 and 1,440 ppm (Kay and Wilson, 1988), while the 

antimicrobial efficacy of Listerine is generally considered much lower than 

of CHX (Shapiro et al., 2002) or of bio-available CPC (Mankodi et al., 2005; 

Gunsolley, 2006) containing mouthrinses. Note that strictly speaking, 

live/dead staining is not an indicator of bacterial killing, but of membrane 

damage. The membrane of live bacteria is permeable to SYTO9, staining 

both live and dead bacteria and yielding green fluorescence. Propidium 

iodide can only enter a bacterium through damaged membranes, where it 

replaces SYTO9 from the matrix of the nucleolus due to a greater affinity 

(Stocks, 2004; Shi et al., 2007), yielding red fluorescence of dead or 

membrane damaged cells. For all practical purposes, we consider 

live/dead staining a reliable indicator of bacterial killing. Note that sonic 
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brushing has been indicated to yield damage to cell surface structures 

(McInnes et al., 1993; MacNeil et al., 1998), but never to the cell membrane 

with an effect on bacterial viability (MacNeil et al., 1998). Moreover, 

damage to cell surface structures, let alone to the cell membrane, are 

unlikely to occur in non-contact brushing, especially not when done at the 

breakdown brushing distance for biofilm removal, where energy transfer is 

low. This consideration is supported by the CLSM images presented in Fig. 

3, in which membrane damaged, red fluorescent bacteria are fully absent, 

even at the outer edge of the biofilm, closest to the bristle ends. 

 

The current observations point to an additional advantage of powered 

toothbrushing in a non-contact mode, changing the viscoelastic properties 

of oral biofilm in a direction that increases penetration of chlorhexidine and 

cetylpyridinium chloride from commercial mouthrinses. Fine tuning the 

frequency, energy output and bristle configuration of powered 

toothbrushes may even further enhance this benefit. 
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