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History of Oral Health 

Evidence for the existence of dental caries and chronic periodontal disease has been 

found already in Paleolithic material, dating these diseases back to as early as 

prehistoric times. Although scientific evidence for a relationship between oral hygiene 

and oral health was still thousands of years away, personal oral hygiene has already 

been practiced since ancient history. Early tooth cleaning devices were, for instance, 

toothpicks - used by Greeks and Romans, and probably before them by Babylonians 

and Chinese - and chew sticks, already mentioned in India around AD 120 – 162 and 

promoted in Islam by Muhammed (Fischman, 1997; Carranza and Shklar, 2003). 

The development of the chewing stick into the toothbrush dates back to AD 

1000 in China. After the introduction in China, toothbrushes were reinvented in the 

western part of the world in the late 18th and early 19th centuries and nowadays life 

without a toothbrush is beyond imagination. Yet, the toothbrush is inadequate for 

maintaining oral health and also in ancient times additional means of chemical oral 

health care support were introduced next to mechanical cleansing. Genesis, the first 

book of the Bible, already mentions the use of labdanum (mastic), a resin that has 

been used in Mediterranean countries for breath freshening for thousands of years. 

The word mastic derives either from the Greek verb mastichein, which means "to 

gnash the teeth" or massein, which means "to chew", thus one could say that mastic 

could be seen as the first and original chewing gum. The use of mouth rinses is 

mentioned for the first time in Chinese medicine around 2700 BC, as a treatment of 

diseases of the gums. The recommendation was to rinse with the urine of a child. The 

Roman natural philosopher and army commander of the early Roman Empire, Pliny, 

simply recommended salt water rinsing. The founding father of medicine, 

Hippocrates, advocated a mixture of salt, alum and vinegar (Fischman, 1997). 
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Although oral hygiene has been practiced and advocated for centuries and 

mechanical as well as chemical cleaning was common, the mechanisms of their 

effectiveness were not known. Actually the reason of cleaning the teeth was not 

always to preserve oral health, but often merely for cosmetic or religious purposes 

(Fischman, 1997). It was only since 1676 that Antonie van Leeuwenhoek discovered 

the existence of “animalcules” in dental plaque, later to be known as bacteria, that 

research started to recognize bacteria as the cause of oral health problems (Porter, 

1976). Still, it took until 1965 before it was proven that the bacteria in dental plaque 

or biofilm were the cause of gingivitis. In 1965 Löe and coworkers demonstrated in 

their landmark experimental gingivitis study, that persons with a clinically healthy 

gingiva developed clinical symptoms of gingivitis within 2 to 3 weeks when dental 

plaque was allowed to accumulate undisturbed. Once adequate oral hygiene was 

resumed, the gingival inflammation subsided within a week (Löe et al., 1965). 

Concerning adequate oral hygiene, there is strong evidence that tooth brushing 

reduces gingivitis (Lang et al., 1973). 

Although the consequences of dental plaque formation are well known, 

adequate daily oral hygiene is still difficult to obtain for many if not most people. 

Nearly no-one grows old without suffering at least once from caries or periodontal 

disease. Caries and periodontal diseases each have their own cause related 

microorganisms out of the thousands of different bacterial species that inhabit the 

human oral cavity (Kolenbrander et al., 2006; Ten Cate, 2006; Keijser et al., 2008). 

Maintaining proper oral hygiene can be further hampered in patients with fixed 

orthodontic appliances. Orthodontic treatment is becoming increasingly popular, 

while only two decades ago it was exclusively for juveniles, adult orthodontic 

treatment is now common practice. There are more than four million juvenile and one 
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million adult patients in North-America alone reported by the American Association 

of Orthodontists. The downside of orthodontic treatment is that the region of the tooth 

surface around the brackets is prone to adhesion of oral bacteria and subsequent 

biofilm formation, which is difficult to control in retention sites, such as around 

orthodontic brackets. Adequate oral health care in orthodontic patients is one of the 

new challenges in the field. Also in patients with low dexterity or physical handicaps, 

proper oral hygiene can be difficult to maintain. 

 

Oral Biofilm - Plaque Formation 

The development of a biofilm can be sketched in a few basic phases as depicted 

schematically in Figure 1. The first phase in biofilm formation in the oral cavity is the 

forming of a salivary conditioning film. In the second phase, individual bacteria 

adhere to a surface and co-adhesion may take place. However, this is still a reversible 

adhesion and many bacteria may actually leave the surface back to their planktonic 

state. When the bacteria start to produce extracellular polymeric substances (EPS), 

adhesion becomes irreversible. The next phases comprise the maturation of the 

biofilm from the development of microcolonies and waterchannels to large matrix 

enclosed structures. The mature biofilm is a supplier of microcolonies or revertant 

planktonic bacteria (Bos et al., 1999; Stoodley et al., 2002b). The hallmark of 

bacterial biofilms that differentiate them from bacteria that are simply attached to a 

substratum is that biofilms contain EPS surrounding the resident bacteria. Microbial 

EPS are biosynthetic polymers that can be highly diverse in chemical composition and 

may include polysaccharides, proteins, nucleic acids and phospholipids (Stoodley et 

al., 2002b). Apart from acting as glue and giving structural support for the biofilm, 

EPS also acts as an extremely protective slime encasing. Antimicrobials often bind to
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or are inactivated by the EPS matrix of the biofilms. As a result, the agents do not 

reach the deeper layers of the plaque, as was shown for chlorhexidine treatments 

using confocal laser scanning microscopy (Zaura-Arite et al., 2001) and earlier in the 

17th century by Antonie van Leeuwenhoek for vinegar (Carranza and Shklar, 2003). 

Oral microorganisms find shelter against swallowing and subsequent death in 

the gastro-intestinal tract, the host immune system and oral antimicrobials through 

adhesion to oral hard and soft tissues. Although bacteria never adhere directly to such 

surfaces, but always to an adsorbed film of salivary proteins. Due to their smaller size, 

proteins can migrate much faster than microorganisms and cover a surface within 

seconds after exposure to the oral cavity, after which bacteria start to adhere. 

Typically, initial colonizers of the protein coated tooth surface are Actinomyces and 

Streptococcus (Li et al., 2004). In supragingival plaque, Actinomyces species are the 

dominant part of the microbiota, other prominent species are Streptococcus, 

Veillonella, Eikenella and Neisseria among others (Ramberg et al., 2003; Li et al., 

2004; Kolenbrander et al., 2006). 

In a mild form, oral biofilms cause discoloration, or so-called white spot 

lesions on teeth or around orthodontic brackets, indicative of sub-surface 

decalcification. White spot lesions occur in approximately 50% of all orthodontic 

patients (Gorelick et al., 1982) and are reversible provided the use of proper oral 

health care products and improved brushing techniques (O'Reilly and Featherstone, 

1987). Caries and plaque induced gingivitis are more severe effects of oral biofilm 

and constitute very common diseases. Approximately the complete Dutch population 

suffers from a form of gingivitis or periodontitis (Kalsbeek et al., 1996). Moreover, 

the role of dental plaque in the onset of gingivitis, which in turn is regarded as the 

precursor of periodontitis, has been well studied (Löe et al., 1965). Periodontal 
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diseases are prevalent in populations around the world (Albandar and Tinoco, 2002). 

In western Europe, 36% of those aged 35-44 years have moderate periodontitis and 

approximately 10% have severe periodontitis (Sheiham and Netuveli, 2002). 

Considering the prevalence of periodontal diseases, Axelsson & Lindhe promoted a 

strict plaque control regime as a prerequisite for stable and healthy periodontal 

conditions (Axelsson and Lindhe, 1981). Note that biofilms in the oral cavity are often 

referred to as “dental plaque”. In this thesis the words “oral biofilm” and “dental 

plaque” will be used interchangeably. 

 

Mechanical and Chemical Plaque Control 

Maintaining oral health can only be reached by effective daily oral hygiene measures. 

The use of a toothbrush in combination with toothpaste and interdental cleaning 

devices are the most common way to achieve this. The use of mouthrinses is 

considered as a beneficial addition, although it may not be regarded as a replacement 

for mechanical plaque removal (Moran, 2008). Considering the extensive literature 

available, it is beyond the purpose of this introduction to give a complete overview on 

the multitude of all available plaque control measures. Therefore, only the main 

aspects of mechanical and chemical plaque control are pointed out. 

The toothbrush is the most used tool to remove dental plaque, although its 

proper use is not trivial and requires quite some skill. When performed with an 

adequate technique and duration of time, manual brushing is highly effective. 

However, for most patients, neither of these criteria is fulfilled. Removal from pits 

and fissures, interproximal spaces and around orthodontic appliances is seldom or 

never achieved by manual tooth brushing only, and a number of tools have entered the 

market to assist plaque removal in places difficult to reach. These tools include dental 
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floss, toothpicks, mini brushes and most importantly, interdental brushes. In order to 

compensate for a poor brushing technique and removal at hard to reach places, 

powered toothbrushes were developed. Powered toothbrushes with a rotating, 

oscillating or sonic action remove plaque and reduce gingivitis significantly better 

than manual brushes (Tritten and Armitage, 1996; Ho and Niederman, 1997; Moritis 

et al., 2002; Biesbrock et al., 2008; Rosema et al., 2008). 

Chemotherapeutic agents have been developed in order to assist in the control 

of gingivitis and plaque. In 1985 the Council on Scientific Affairs of the American 

Dental Association (ADA) established guidelines for the acceptance of anti-gingivitis 

and/or plaque agents. These have been revised in 1997 and now state that: 

“Examples of products evaluated under these guidelines include mouth rinses and 

toothpastes containing agents that would: 

1. destroy, inhibit or modify plaque, including its pathogenicity for gingivitis, and 

microbiologic growth in general, 

2. those that modify the attachment of plaque microorganisms to their natural sites, 

and 

3. those that act by other antimicrobial mechanisms to reduce or prevent gingivitis”. 

Toothpastes or dentifrices assist in maintaining good oral health in many 

ways. Therapeutic components in toothpaste formulations generally involve fluorides 

to decrease enamel demineralization (Lynch et al., 2004) and enhance 

remineralization (Feng et al., 2007; Altenburger et al., 2007), abrasives and detergents 

to enhance plaque removal and antimicrobials to kill remaining plaque organisms on 

the tooth surface. Nowadays, toothpastes also carry cosmetic functions, such as to 

whiten the dentition. 
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Mouth rinses are used for a variety of reasons: to freshen breath, to help 

prevent or control tooth decay, to reduce plaque, to prevent or reduce gingivitis, to 

reduce the speed at which calculus (calcified plaque) forms on the teeth, or to produce 

a combination of these effects. Mouth rinses are available as cosmetic and therapeutic 

products. Cosmetically, they merely give a temporarily control of bad breath and 

leave a pleasant taste. Therapeutic mouth rinses however, are meant to help control or 

reduce plaque, gingivitis, caries and bad breath. 

Chemotherapeutic agents such as in toothpastes and mouth rinses should 

possess some key properties in order to be appropriate for use in oral hygiene 

procedures. Some of these properties are: good oral substantivity, biologically active 

conform its specific mode of antiplaque action, low toxicity and low permeability into 

the oral mucosa. When an antiplaque agent enters the oral cavity it can adhere to the 

hard and soft surfaces in the mouth: the dentition, dental pellicle, supragingival plaque 

and oral epithelia. Binding to these receptor sites determines whether the antiplaque 

agent will have a good oral substantivity, being sites of biological action or reservoirs. 

Oral substantivity is the effect of active substances on oral surfaces over an extended 

period of time (Cummins and Creeth, 1992). For toothpastes and mouth rinses 

substantivity is important as their efficacy should last after brushing and prevent re-

deposition or regrowth of plaque as long as possible. 

 

Biofilm Models in Oral Health Care 

To study the features and dynamics of oral biofilms, a variety of models can be used. 

The purpose of a model is to simplify a complex system, enabling the study of 

specific aspects under controlled experimental conditions. The major advantage of 

this lies in the ability to reveal the effects of specific parameters. Hence, the merits of 
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in vitro models lie in their explanatory power and ability to predict. Consequently, it 

is essential that the advantages and disadvantages of the model are well-known, 

especially when results are to be extrapolated to the in vivo situation. Because of the 

huge complexity of in vivo oral biofilms, there is a need for in vitro oral biofilm 

models. For instance, due to the many different species identifiable in the oral cavity 

and their numerous interactions, in vitro models provide with an insight into in vivo 

processes (Sissons, 1997; Wimpenny, 1997). 

Over time, a range of in vitro biofilm models have been developed, including 

amongst others single and multiple strain models and a variety of different devices in 

which biofilms are grown, each with their specific properties. In Table 1, the 

advantages and disadvantages of different in vitro models are presented, giving a short 

overview of the models used in oral research. When performing experiments using in 

vitro models, the selected biofilm model needs to meet the requirements dictated by 

the goal of the research. For instance, in vivo oral biofilms are composed of numerous 

different bacterial species. When there is a need for a strong in vivo relevance, a 

multi-species or whole saliva biofilm is the better model to use. However, the 

downside of such a model is its microbiological complexity or at least its difficulty to 

control bacterial composition and therewith reproducibility. Moreover, the 

understanding of all possible bacterial communications is rather difficult as well. 

Single-strain biofilm models are on the other hand easy to control in bacterial 

composition and thus reproducible, while dual-strain biofilm models also provide a 

possibility to explore bacterial interactions. Of course, these models only give a 

fundamental understanding and are not easily extrapolatable to in vivo reality. Next to 

the choice of a biofilm model, one has the choice of different oral devices, each with 

their specific properties. For example, if in real life the biofilm grows under shear, 
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like in the oral cavity, shear should also be present in the in vitro model. Both the 

modified Robbins device as the parallel plate flow chamber have this property. 

Although the first can take multiples samples at the same time, while the latter cannot, 

making it a time consuming device. Moreover, the parallel plate flow chamber has the 

ability of real-time observation, making confocal laser scanning microscopy easily 

applicable, allowing distinction after live-dead staining when appropriate. Also a very 

important property is the non-disrupting air-liquid interface, which is an important 

factor in removal of biofilm. Both devices can however not control the biofilm 

thickness or growth as in the constant depth film fermentor. 

Summarizing, single strain biofilms are the most straightforward, easy to 

control and reproduce. In order to mimic the oral biofilm, dual-species models are a 

logical first step towards multi-species biofilm models. These provide with the 

interaction factor, which comprises synergism and competition, influencing adhesion 

strength to the surface and between bacteria, but also morphology of the biofilm. 

Multi-species biofilms grown from human whole saliva would be the ultimate model, 

as they highly relate to the in vivo situation. Oral biofilm devices can be chosen from 

the type of biofilm needed. Parallel plate flow chamber provide with real-time 

observations, the modified Robbins device can analyze multiple samples, while both 

have the ability of controlled shear. When the former properties are less important 

compared to biofilm growth and thickness, the constant depth film fermentor is the 

better choice. 

 

Potential Synergy of Mechanical and Chemical Plaque Control  

Since complete removal of dental plaque is impossible, it is interesting to dwell on the 

potential synergy between mechanical and chemical plaque control. Effective 
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chemical plaque control is always said to be due to adsorption of antimicrobials to the 

abundantly available soft tissues in the oral cavity and their subsequent desorption, 

but it can be hypothesized that also plaque left behind after brushing, can act as a 

reservoir for oral antimicrobials that can slowly release over time to kill newly 

adhering bacteria in the plaque. In this respect, it is important to note, that bacteria do 

not only adhere to tooth surfaces and soft tissue, but also to dead biofilm as such. 

Plaque is already known to act as a reservoir for fluorides (Ekstrand and Oliveby, 

1999), while plaque left behind after being fluffed-up by sonic brushing has been 

described to have an even greater ability to adsorb fluorides than undisturbed plaque 

(Sjögren et al., 2004). 

 

Aims of this Thesis 

The aims of this thesis are: 

1 to compare different oral biofilm models with respect to their virtues for the 

evaluation of mechanical and chemical plaque control. 

2 to test the hypothesis that plaque left behind can act as a reservoir for oral 

antimicrobials to provide additional substantivity. 

� In Chapter 2 a comparison is made of the efficacies of three different modes of 

contact-brushing on bacterial removal and re-deposition in single strain 

biofilm models on a saliva-coated surface. 

� Chapter 3 deals with the comparison between 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. Additionally, re-

deposition of bacteria to the brushed surface from a streptococcal suspension 

and fresh human whole saliva were studied. 
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� Chapter 4 compares different biofilm modes of mechanical plaque control 

(contact- and non-contact brushing) using different biofilm models (single- 

and dual-species biofilms as well as multi-species biofilms grown from human 

whole saliva). 

� Chapter 5 aims at chemical plaque control by testing whether the in vitro 

antibacterial efficacies of a herbal- and chitosan-based toothpaste formulation 

are equally high as of chlorhexidine in terms of immediate and delayed 

bacterial killing in oral biofilms of different composition and maturational 

status. 
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Introduction 

Prevention of caries and periodontal diseases requires a strict plaque control 

(Axelsson and Lindhe, 1981). When performed with an adequate technique and 

duration of time, manual brushing is highly effective and there is strong evidence that 

toothbrushing reduces gingivitis (Lang et al., 1973). However, for most patients, 

neither of the former mentioned criteria are fulfilled. Despite the fact that a healthy 

dentition is a precious asset, the average time people spend on a daily basis to brush 

their teeth is 33 - 60 seconds (Kleber et al., 1981; Macgregor and Rugg-Gunn, 1985), 

which is far less than the two times 2 min considered adequate for regular oral 

hygiene. Sometimes, people try to compensate short brushing by vigorous brushing 

and exert high forces. Whereas the regular force applied for manual toothbrushing is 

around 3 N (Danser et al., 1998), examples of gingival damage and enamel abrasion 

have been documented due to forces less than 3 N (Ganss et al., 2009). The 

immediate effect of brushing is removal of bacteria, but brushing also influences the 

re-deposition of new bacteria. Re-depostion of new bacteria is stimulated by bacterial 

remnants or ‘footprints’ (Neu and Marshall, 1991) left on the tooth surface after 

brushing. Effective removal of these footprints depends on the type of toothbrush and 

applied forces (Van der Mei et al., 2004). Powered toothbrushes were introduced in 

the early 1960’s, amongst other reasons, to compensate for a poor brushing technique 

(Fischman, 1997; Sicilia et al., 2002). Powered toothbrushes have decreased the need 

to exert high forces and electric-rotating brushing is already effective at forces of 

about 1.5 N (McCracken et al., 2003). 

Powered toothbrushes with a rotating-oscillating or sonic action remove 

plaque and reduce gingivitis significantly more than manual brushes (Tritten and 

Armitage, 1996; Ho and Niederman, 1997; Moritis et al., 2002; Biesbrock et al., 
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2008; Rosema et al., 2008). Other forms of powered brushes (side to side, counter 

oscillation, circular and ultrasonic) produce a less consistent reduction of plaque and 

gingivitis (Robinson et al., 2005). 

The human oral cavity may be inhabited by thousands of different bacterial 

species, bringing about a multitude of interactions between bacteria as well as 

between bacteria and oral surfaces (Kolenbrander et al., 2006; Ten Cate, 2006; 

Keijser et al., 2008). Next to the microbiological complexity, saliva is rather complex 

as well. Salivary composition is not only dependent on the individual, but depends on 

the time of the day as well (Nieuw Amerongen et al., 2004). When choosing an 

appropriate biofilm model for mechanical plaque removal and re-deposition studies, 

the model needs to be reproducible and straightforward. The main purpose of any 

model would be to distinguish the removal efficacy and influence on re-deposition of 

different removal devices and identify differences in removal or re-depostion between 

strains. To this case, a single strain oral biofilm model is an excellent model. In 

addition, the choice of the parallel plate flow chamber for biofilm growth is based on 

the presence of shear during growth and temperature control. 

The aim of the present in vitro study was to compare the efficacies of three 

different modes of contact-brushing on bacterial removal and re-deposition in single 

strain biofilm models on a saliva-coated surface. 

 

Materials & Methods 

Bacterial Strains, Culture Conditions and Harvesting 

Streptococcus oralis J22, Streptococcus mutans NS and Actinomyces naeslundii 

T14V-J1 were used in this study. Streptococci were cultured in Todd Hewitt broth 

(THB, OXOID, Basingstoke, UK) in ambient air and A. naeslundii in Schaedler’s 
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broth (SB) supplemented with 0.01 g/L hemin under anaerobic conditions (10% H2, 

85% N2 and 5% CO2), both at 37°C. Stocks were kept in growth media with 7% 

DMSO (dimethylsulfoxide, Merck, Darmstadt, Germany) at -80°C, and from these 

stocks, bacteria were precultured on blood agar plates. One colony was used to 

inoculate a 24 h batch culture. This culture was used to inoculate a second culture, 

which was grown for 16 h. These bacteria were harvested by centrifugation for 5 min 

at 6,500 g and washed twice with adhesion buffer (2 mM potassium phosphate, 50 

mM potassium chloride and 1 mM calcium di-chloride, pH 6.8). Subsequently, in 

order to break up bacterial chains or aggregates, bacteria were sonicated during 3 x 10 

s for S. oralis J22 and S. mutans NS and 4 x 10 s for A. naeslundii T14V-J1 

intermittently while cooling on ice at 30 W (Vibra Cel model 375; Sonics and 

Materials, Danbury, CT, USA). Bacteria were diluted to a density of 3 x 108 per mL, 

in adhesion buffer with 2% growth medium added and the streptococcal suspension 

was supplemented with 1.5 mg/mL lyophilized human whole saliva. 

 

Saliva Collection and Preparation 

In order to form a salivary conditioning film, human whole saliva from at least 20 

healthy volunteers of both genders was collected into ice-cooled beakers after 

stimulation by chewing Parafilm®. The saliva was pooled and centrifuged for 5 min at 

10,000 g at 10ºC. Saliva was treated by adding phenylmethylsulfonyl fluoride (Sigma-

-Aldrich Chemie B.V., Zwijndrecht, The Netherlands) to a final concentration of 1 

mM as a protease inhibitor in order to inhibit salivary protein denaturation. The 

solution was again centrifuged, dialyzed (Molecular Weight Cut Off, 6-8 kD, 

Spectra/Por 1, Spectrum Laboratories Inc., Rancho Dominguez, CA, USA) overnight 

at 4ºC against demineralized water, and lyophilized for storage. For experiments, 
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lyophilized saliva was dissolved at a concentration of 1.5 mg/mL in adhesion buffer. 

A glass plate was saliva-coated by incubating in saliva for 16 h at room temperature. 

All volunteers gave their informed consent to saliva donation and with approval of the 

Medical Ethical Committee at UMCG, Groningen (M09.069162), The Netherlands. 

 

Biofilm Formation 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) and shown in Figure 1A. The flow chamber was mounted on the 

stage of a phase contrast microscope equipped with a 40x ultra-long working distance 

objective (Olympus ULWD-CD Plan 40 PL). Images were taken from the bottom 

plate of the parallel plate flow chamber, using Matlab based imaging software 

connected to a camera (1392 x 1040 pixels). Each image was obtained after 

summation of 15 consecutive images (time interval 1 s) in order to enhance the signal 

to noise ratio and to eliminate moving bacteria from the analysis. The plates used in 

the chamber were microscope glass slides. 

Before each experiment, the flow chamber was cleaned by washing with a 

detergent (Extran®, Merck, Darmstadt, Germany), thoroughly rinsed with tap water 

and finally with demineralized water. The glass slides were cleaned in a 2% RBS 25 

(Omniclean, Breda, The Netherlands) detergent solution under simultaneous 

sonication for 3 min, and alternately rinsed with tap water, methanol, tap water again 

and finally demineralized water. The flow chamber, glass slides and all tubes were 

sterilized before use. In order to create a salivary pellicle on the bottom plate, glass 

slides were submerged in saliva for 16 h at room temperature. 
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A

 
B

 
Figure 1. A) Parallel plate flow chamber consisting of bottom plate, spacer, top plate 
and in-/out-let. The open space in the flow chamber is designed for a substratum 
(glass) plate. Temperature sensors and heating element are attached as well B) Basic 
design of the entire flow system used, shown with one flow chamber. 
 

Temperature sensors 
In- / out-let 

Heating element 

Spacer Top plate 

Bottom plate 
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Two different protocols were used: (A), 2 h adhesion followed by brushing 

and 2 h re-deposition and (B), 2 h adhesion continued by overnight growth, followed 

by brushing and 2 h re-deposition. In protocol A, one flow chamber was used per 

experiment, while in protocol B, three flow chambers, linked in series, were used for 

each experiment. The flow system is depicted in Figure 1B. 

Prior to each experiment, all tubes and the flow chamber(s) 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. The 

flow rate (Q), represented moderate oral shear (Dawes et al., 1989) and was kept 

constant during the experiment at 1 mL/min, corresponding with a wall shear rate (σ) 

of 10 s-1 according to 

    
wd

Q
22

3=σ      (1)  

in which d is the half-depth and w is the width of the flow chamber. Subsequently, 

flow was switched to a bacterial suspension and was circulated through the system 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. 

 In protocol A, after 2 h, 10 images were taken from three different areas on the 

saliva coated bottom plate, corresponding with the areas to be brushed by a manual 

(Oral-B soft indicator Regular 40; Oral-B laboratories, Belmont, CA, USA), electric 

rotating (Oral-B Professional Care 7850 DLX; Braun GmbH, Kronberg, Germany) or 

sonic (Oral-B Sonic Complete; Braun GmbH) brush. After taking images, the flow 
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was stopped, the flow chamber dismantled and the bottom plate removed. The three 

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) (Figure 2), 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, 150 g for the electric rotating and 90 g for the sonic brush (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, the flow chamber was filled with buffer and rinsed for 10 min. 

Subsequently, 10 images of the selected areas were taken and re-deposition was 

started by flowing with the same bacterial suspension for another 2 h. After re-

deposition, again 10 images were taken at the same places as after brushing. 

Figure 2. Brushing machine showing the manual brush mounted with a weight 
attached to the brush. The electric rotating and sonic brush are depicted in the figure 
as well (left to right). 

Moving tray 
Sensor 

Weight 

Dividing bar 
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In protocol B, after 2 h, flow was switched to growth medium (THB for 

Streptococci and SB for A. naeslundii). The growth medium was perfused through the 

system without recirculation. After overnight growth, flow was stopped, the flow 

chambers dismantled and the bottom plates removed. Each flow chamber was used for 

one brush, the glass slide was divided by a bar in two parts: one side for brushing 

while the other side served as a non-brushing control. The dividing bar prevented 

influences of brushing on the control side. Brushing was done as described in protocol 

A. After brushing, the glass plates were again mounted in the flow chambers, which 

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

areas were taken and re-deposition was started by flowing with a fresh bacterial (same 

strain as used in first 2 h of the experiment) suspension for another 2 h. 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. As a control, one 

glass plate (for each protocol) was taken through the entire procedure in the absence 

of brushing, in order to account for potential detachment processes during handling of 

the flow chambers.  

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      (2) 

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

respectively. 
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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 Students’ 

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. 

 

Results 

Brushing and Re-deposition after 2 h Adhesion 

After 2 h adhesion but prior to brushing and opening of the flow chamber, the 

fractional surface coverage of bacteria on the surface for S. mutans NS was 

0.03 ± 0.02, for S. oralis J22 it amounted 0.09 ± 0.02 and for A. naeslundii T14V-J1 it 

was 0.18 ± 0.05. Note by comparison with the control data in Table 1, that opening 

and closing of the flow chamber yielded severe detachment for S. mutans and S. 

oralis, corresponding with a removal of 91% of the adhering S. mutans NS, and 57% 

of the adhering S. oralis J22 bacteria. All brushes yielded major removal of initially 

adhering single bacterial strains. The removal by the three different modes of brushing 

(manual, electric rotating and sonic) was on average 93%, for S. mutans NS as well as 

for S. oralis J22 and 95% for A. naeslundii T14V-J1 (Table 1). The differences 

between the three modes of brushing were not statistically significant. Single bacterial 

strains adhering to the pellicle surfaces prior to and after brushing are shown in Figure 

3. After re-deposition, the fractional surface coverage by newly deposited bacteria per 

unit area and percentage regained were independent of the brush type (Table 1). 

Despite the fact that there was little difference between the different modes of 

brushing, huge differences were observed between the bacterial strains. The fractional 
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surface coverage by bacteria after 2 h adhesion was significantly different for the 

S. mutans NS (0.03 ± 0.02), S. oralis J22 (0.09 ± 0.02) and A. naeslundii T14V-J1 

(0.18 ± 0.05). The percentage regained was statistically significant lower for 

S. oralis J22 (75%) than for S. mutans NS (102%) or A. naeslundii T14V-J1 (94%). 

Moreover, re-deposition showed significant differences between the bacteria, with the 

highest fractional surface coverage after re-deposition for A. naeslundii T14V-J1 and 

the lowest for S. mutans NS (Table 1). 

 

Brushing and Re-deposition after Overnight Growth  

For both S. oralis J22 and A. naeslundii T14V-J1 the fractional surface coverage after 

growth, but prior to brushing and opening of the flow chamber, was 100%. Both 

strains showed no significant differences between the brushes in the percentage 

removal after growth, fractional surface coverage after re-deposition or the percentage 

fractional surface coverage regained during re-deposition (Table 2). However, 

remarkable differences were observed between the two strains. After growth, the 

percentage removal was significantly higher for S. oralis J22 (on average 94%) than 

for A. naeslundii T14V-J1 (on average 68%). Single bacterial strains adhering to the 

pellicle surfaces prior to and after brushing are shown in Figure 4. Re-deposition also 

gives a significantly lower fractional surface coverage as well as percentage fractional 

surface coverage regained for S. oralis J22 than for A. naeslundii T14V-J1. Note that 

the S. mutans NS strain could not be used for growth experiments since the fractional 

surface coverage after growth was only 0.02, which is similar as after 2 h adhesion. 
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Table 1. Fractional surface coverage (FSC) by adhering bacteria 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 FSC by newly deposited bacteria and the percentage FSC 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. After 2 h adhesion, the FSC of bacteria on the surface for 
S. mutans NS was 0.03 ± 0.02, for S. oralis J22 it amounted 0.09 ± 0.02 and for A. 
naeslundii T14V-J1 it was 0.18 ± 0.05. 
 

99 ± 80.16 ± 0.05389 ± 60.020 ± 0.009Sonic

97 ± 70.17 ± 0.01697 ± 10.005 ± 0.004Electric rotating

86 ± 20.15 ± 0.04198 ± 10.004 ± 0.003Manual

--00.18control#A. naeslundiiT14V-J1

77 ± 50.065 ± 0.0192 ± 30.007 ± 0.004Sonic

78 ± 70.067 ± 0.0194 ± 20.006 ± 0.004Electric rotating

69 ± 140.059 ± 0.0392 ± 10.008 ± 0.002Manual

--570.04control#S. oralisJ22

104 ± 290.029 ± 0.00992 ± 50.002 ± 0.001Sonic

110 ± 160.030 ± 0.00489 ± 70.003 ± 0.002Electric rotating

91 ± 110.026 ± 0.00497 ± 10.001 ± 0.001Manual

--910.003control#S. mutansNS

% regainedFSC% removalFSCToothbrushBacterial strain

RedepositedAfter brushing

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

99 ± 80.16 ± 0.05389 ± 60.020 ± 0.009Sonic

97 ± 70.17 ± 0.01697 ± 10.005 ± 0.004Electric rotating

86 ± 20.15 ± 0.04198 ± 10.004 ± 0.003Manual

--00.18control#A. naeslundiiT14V-J1

77 ± 50.065 ± 0.0192 ± 30.007 ± 0.004Sonic

78 ± 70.067 ± 0.0194 ± 20.006 ± 0.004Electric rotating

69 ± 140.059 ± 0.0392 ± 10.008 ± 0.002Manual

--570.04control#S. oralisJ22

104 ± 290.029 ± 0.00992 ± 50.002 ± 0.001Sonic

110 ± 160.030 ± 0.00489 ± 70.003 ± 0.002Electric rotating

91 ± 110.026 ± 0.00497 ± 10.001 ± 0.001Manual

--910.003control#S. mutansNS

% regainedFSC% removalFSCToothbrushBacterial strain

RedepositedAfter brushing

# = control experiment involving opening and closing of the flow chamber only.
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Figure 3. Images of initially adhering A. naeslundii T14V-J1 after 2 h adhesion (A) 
and after 2 h adhesion followed by removal using a manual brush (B). Bar denotes 
10µm. 
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Table 2. The fractional surface coverage (FSC) by S. oralis J22 and A. naeslundii 
T14V-J1 after overnight growth and brushing on saliva-coated glass and the 
percentage removal after brushing with 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 FSC by newly 
deposited bacteria and the percentage FSC regained after re-deposition is shown. 
%Removal and %regained are expressed with respect to the coverage by adhering 
bacteria after growth. For both bacterial strains, the FSC was 100% after growth. 
 
 

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

54 ± 130.15 ± 0.0461 ± 140.39 ± 0.14Sonic

51 ± 60.17 ± 0.0866 ± 20.34 ± 0.02Electric rotating

48 ± 70.23 ± 0.0776 ± 130.24 ± 0.13Manual

--01control#A. naeslundiiT14V-J1

20 ± 30.12 ± 0.0492 ± 40.08 ± 0.04Sonic

18 ± 20.11 ± 0.0193 ± 30.07 ± 0.03Electric rotating

15 ± 20.11 ± 0.0295 ± 10.05 ± 0.01Manual

--570.43control#S. oralisJ22

% regainedFSC% removalFSCToothbrushBacterial strain

RedepositedAfter brushing

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

54 ± 130.15 ± 0.0461 ± 140.39 ± 0.14Sonic

51 ± 60.17 ± 0.0866 ± 20.34 ± 0.02Electric rotating

48 ± 70.23 ± 0.0776 ± 130.24 ± 0.13Manual

--01control#A. naeslundiiT14V-J1

20 ± 30.12 ± 0.0492 ± 40.08 ± 0.04Sonic

18 ± 20.11 ± 0.0193 ± 30.07 ± 0.03Electric rotating

15 ± 20.11 ± 0.0295 ± 10.05 ± 0.01Manual

--570.43control#S. oralisJ22

% regainedFSC% removalFSCToothbrushBacterial strain

RedepositedAfter brushing
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Figure 4. Images of adhering A. naeslundii T14V-J1 after growth (A) and after 
growth followed by removal using a electric rotating brush (B). Bar denotes 10µm. 
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Discussion 

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

bacterial removal and re-deposition of single strain bacteria from salivary pellicle 

surfaces, after 2 h adhesion as well as after 2 h adhesion followed by growth. No 

differences in percentage removal were observed between the brushes which could be 

explained by the fact that brushing was done in a contact mode, which is usually 

highly effective in all modes (Van der Mei et al., 2007). Re-deposition did not result 

in differences between the brushes, suggesting that the effect of footprints is probably 

not of influence in single strain experiments. This is in contrast to the influence found 

in the co-adhesion study by Van der Mei et al. (Van der Mei et al., 2004), where re-

deposition increased with increasing weight and was influenced by the type of brush. 

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

different brushing techniques, remarkable differences in binding strength between the 

bacterial strains were observed, as measured by the percentage removal, shown in 

Tables 1 and 2. The lower the percentage removal, the stronger the binding strength. 

The binding strength increased in the following order: A. naeslundii T14V-J1 > 

S. oralis J22 > S. mutans NS. Moreover, after re-deposition the percentage regained 

was significantly lower for S. oralis J22 than for S. mutans NS or A. naeslundii T14V-

J1, which both return to around 100%. The lower surface coverage for S. oralis J22 

after 2 h re-deposition compared to 2 h deposition before brushing, suggests the 

removal of specific adhesins in the pellicle by brushing. 

Adhesion of bacteria to a pellicle-coated surface is modulated by a multitude 

of proteins present in whole saliva. Bacteria express different strain specific adhesins, 

entailing the complexity of bacterial colonization. Although the adhesion of S. mutans 

is promoted by high molecular-weight proteins, agglutinins, these are also responsible 
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for aggregation (Carlen and Olsson, 1995; Carlen et al., 1996), yielding weak 

hydrophobic interactions as the main adhesion force (Nieuw Amerongen et al., 2004). 

In our experiments we have observed large surface aggregates for the S. mutans strain 

and these aggregates were easily removed from the surface, even by opening of the 

flow chamber. This can be explained by the fact that the binding strength within the 

aggregates is stronger than their adhesion to the pellicle. The weak binding strength of 

S. mutans NS to salivary pellicles may reflect its characteristic as a late colonizer of 

dental hard surfaces in vivo and therewith its absence in the composition of initial 

plaque (Nyvad and Kilian, 1990). S. oralis J22 and A. naeslundii T14V-J1 are early 

colonizers. In a very early stage of the oral biofilm formation, Actinomyces are 

predominantly present. After 2 h, Streptococci as e.g. S. oralis appear, and increase 

their relative presence at the expense of Actinomyces, although the absolute level of 

Actinomyces remains unaltered (Ramberg et al., 2003; Li et al., 2004). Interaction 

with the salivary pellicle mucin MG2, proline rich proteins and proline rich 

glycoproteins promotes adhesion of S. oralis and A. naeslundii (Murray et al., 1992; 

Ruhl et al., 2004). In addition, A. naeslundii possesses phosphoprotein-binding type 1 

fimbriae, which are important adhesins in modulating adhesion (Cisar et al., 1984; 

Carlen et al., 2004; Ruhl et al., 2004) and binding strength (Tang et al., 2004). These 

are likely to be involved in the stronger adhesion of Actinomyces (see Tables 1 and 2) 

as compared with adhesins of Streptococci (Prakobphol et al., 1995; Sharma et al., 

2005). 

In conclusion, the choice of a given bacterial strain is of great importance in in 

vitro studies on mechanical plaque removal, as different strains of early colonizing 

bacteria clearly have different binding strengths to the salivary pellicle. In the present 

study no significant difference could be demonstrated between manual and powered 
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contact-brushing in the contact removal or re-deposition of bacteria on pellicle coated 

surfaces.
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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 
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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 



 
52 

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. 



 
54 

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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Introduction 

In order to improve the efficacy of oral hygiene, powered toothbrushes have been 

developed (Sicilia et al., 2002). The benefits of various types of powered toothbrushes 

over manual brushing are not always evident, but it is clear that powered tooth 

brushing is at least as effective as manual brushing. Moreover, powered toothbrushes 

with a rotating oscillating or sonic action remove plaque and reduce gingivitis 

significantly more than manual brushes (Tritten and Armitage, 1996; Ho and 

Niederman, 1997; Moritis et al., 2002; Biesbrock et al., 2008; Rosema et al., 2008). 

Other forms of powered brushes (side to side, counter oscillation, circular and 

ultrasonic) produce a less consistent reduction of plaque and gingivitis (Robinson et 

al., 2005). 

Salivary conditioning on surfaces exposed to the oral cavity starts within 

seconds after exposure to the oral environment and already within the first minute 

specific salivary components are detected followed by spatio-temporal adhesion of 

different bacterial strains and species (Hannig, 1999; Nieuw Amerongen et al., 2004) 

constituting dental plaque in vivo (Socransky et al., 1998; Van der Velden et al., 

2006). Initially, the pellicle is colonized by Actinomyces and Streptococci species, 

after which bacterial acquisition continues with more pathogenic and commensal 

strains and species (Ramberg et al., 2003; Li et al., 2004; Kolenbrander et al., 2006). 

In vitro plaque removal studies require biofilm models that resemble in vivo 

dental plaque (Sissons, 1997). Most studies on dental plaque have focused on single 

species biofilms, which neglect multi-species interactions as occurring in oral biofilms 

(Palmer et al., 2001; Adams et al., 2002; Luppens et al., 2008) and therewith may 

affect the ease with which these model biofilms can be mechanically removed. 

Moreover, in many models biofilms are grown under compression, like in the constant 
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depth film fermentor (Hope and Wilson, 2002) or in the absence of relevant shear, 

known to affect the morphology and visco-elastic strength of biofilms (Stoodley et al., 

2002). 

The aim of the present in vitro study was to compare different biofilm models 

(single and dual-species biofilms as well as multi-species biofilms grown from human 

whole saliva) with respect to their virtues in studying contact and non-contact biofilm 

removal by different modes of brushing. 

 

Materials & Methods 

Bacterial Strains, Culture Conditions and Harvesting 

Streptococcus oralis J22, Streptococcus mutans NS and Actinomyces naeslundii 

T14V-J1 were used in this study. Streptococci were cultured in Todd Hewitt broth 

(THB, OXOID, Basingstoke, UK) in ambient air and A. naeslundii in Schaedler’s 

broth (SB) supplemented with 0.01 g/L hemin under anaerobic conditions, both at 

37°C. Strains were precultured in an overnight batch culture and inoculated in a 

second culture which was grown for 16 h, harvested by centrifugation for 5 min at 

6,500 g and washed twice with adhesion buffer (2 mM potassiumphosphate, 50 mM 

potassium chloride and 1 mM calcium di-chloride, pH 6.8). To break bacterial chains 

or aggregates, bacteria were sonicated intermittently while cooling on ice for 30-40 s 

at 30 W. This procedure was found not to cause cell lysis. Bacteria were diluted in 

adhesion buffer with 2% growth medium and 1.5 mg/mL reconstituted human whole 

saliva added to a density of 3 x 108 per mL, or 1 x 108 per mL for A. naeslundii in co-

adhesion experiments (dual-species). A. naeslundii suspension was not supplemented 

with saliva, as this results in the immediate formation of large aggregates. 
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Saliva Collection and Preparation 

In order to form a salivary conditioning film, human whole saliva from at least 20 

healthy volunteers of both genders was collected into ice-cooled beakers after 

stimulation by chewing Parafilm®. The saliva was pooled, centrifuged and treated by 

adding phenylmethylsulfonyl fluoride to a final concentration of 1 mM as a protease 

inhibitor in order to inhibit salivary protein denaturation. The solution was again 

centrifuged, dialyzed (molecular weight cut off, 6-8 kD) overnight at 4ºC against 

demineralized water, and lyophilized for storage. For experiments, lyophilized saliva 

was dissolved at a concentration of 1.5 mg/mL in adhesion buffer. A glass plate was 

saliva-coated by incubating in saliva for 16 h at room temperature. All volunteers 

gave their informed consent to saliva donation and with approval of the Medical 

Ethical Committee at UMCG, Groningen (M09.069162), The Netherlands.  

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

as a multi-species source for bacterial adhesion and biofilm growth. 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 experiments. Filter-sterilized, tenfold diluted, fresh human whole saliva 

from the same volunteers was employed to stimulate biofilm growth of initially 

adhering bacteria. 

 

Biofilm Formation 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 



 
69 

Van der Mei, 2006). The flow chamber was mounted on the stage of a phase contrast 

microscope equipped with a 40x ultra-long working distance objective (Olympus 

ULWD-CD Plan 40 PL). Biofilms were grown on and images taken from the saliva-

coated bottom plate of the flow chamber. The flow chamber, glass slides and all tubes 

were sterilized before use. Before each experiment, all tubes and the flow chamber 

were perfused with adhesion buffer for 30 min in order to remove possible loose 

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

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

rate was kept constant during the experiment at 1 mL/min, corresponding with a wall 

shear rate of 10 s-1 which represents a moderate oral shear (Dawes et al., 1989). 

Experiments were started by switching the flow from buffer to a bacterial 

suspension or fresh human whole saliva, according to two different protocols: 

(A) 2 h adhesion followed by brushing and 

(B) 2 h adhesion continued by overnight growth resulting in 16 h old biofilms, 

followed by brushing. 

For co-adhesion experiments, a suspension of A. naeslundii was perfused first until an 

arbitrary surface coverage of 1 x 106 bacteria/cm2 was reached, after which flow was 

switched to buffer for 30 min and subsequently to S. oralis suspension to initiate co-

adhesion. 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 for streptococci and A. naeslundii, while fresh human 

whole saliva contained 85% viable bacteria. 

Following protocol A, after 2 h adhesion, 10 images were taken from the 

saliva-coated bottom plate, corresponding with the areas to be brushed. After taking 

images, the flow was stopped, the flow chamber dismantled and the bottom plate 
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removed. The selected areas were brushed with a manual (Oral-B soft indicator 

Regular 40; Oral-B laboratories, Belmont, CA, USA), electric rotating (Oral-B 

Professional Care 7850 DLX; Braun GmbH, Kronberg, Germany), or sonic (Oral-B 

Sonic Complete; Braun GmbH) brush for 20 s, with the brush attached to a home-

made moving tray, involving 20 strokes back and forth. Contact brushing was 

performed in a wetted state (i.e. with a thin film of water on the bottom plate, but 

bristle tips not immersed) under a weight of 220 g for the manual, 150 g for the 

rotating and 90 g for the sonic brush (Danser et al., 1998; McCracken et al., 2001; 

Van der Weijden et al., 2004). Subsequently, after re-mounting the bottom plate in the 

flow chamber, it was filled again with buffer and rinsed for 10 min, after which 10 

images of the brushed areas were taken. Protocol A was only done for contact 

brushing, since previous experiments with non-contact brushing have indicated almost 

full removal of initially adhering bacteria at 2 mm distance (Busscher et al., 2003; 

Van der Mei et al., 2007). 

Following protocol B, after 2 h adhesion, flow was switched to growth 

medium (THB for streptococci and co-adhering bacteria, SB for A. naeslundii and 

10% saliva for bacteria adhering from fresh saliva). The growth medium was perfused 

through the system without recirculation. 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. After overnight growth, flow was stopped, the flow chamber dismantled and 

the bottom plate removed. The selected areas were brushed and images were taken as 

described above. Protocol B was done for contact- as well as for non-contact 

brushing. Non-contact brushing was done in an immersed state and with a distance of 

2 mm between the bristle tips and the surface. 
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Images were analyzed with a Matlab based counting program, to determine the 

fractional surface coverage 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. Note that in these calculations, “Ab” was corrected for removal effects 

due to opening the flow chamber prior to brushing and closing. 

 

Statistical Analysis 

Statistical analysis and comparison of the different biofilm models and modes of 

brushing was performed with Students’ independent samples t-test. Two way 

ANOVA was used for comparison of different biofilm models, combining data for the 

three modes of contact brushing. A significance level of p < 0.05 was used. 

 

Results 

In this study it was chosen to apply a fixed time for adhesion and growth which 

resulted in different surface coverages by adhering bacteria for the different biofilm 

models (Table 1). In the 2 h single strain experiments, streptococci adhered in lower 

surface coverages than Actinomyces, while the surface coverage of bacteria in dual-

species (A. naeslundii T14V-J1 and S. oralis J22) adhesion was higher than in multi-

species (bacteria from fresh saliva) adhesion. After 16 h of growth, single strain and 

dual-species biofilms exhibited similar surface coverages by adhering bacteria, while 

here too multi-species biofilms yielded a lower surface coverage. In general, handling 

of the flow chamber caused removal of a non-negligible number of bacteria, which 
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was corrected for in the calculation of removal percentages. Note, that S. mutans 

biofilms adhered so weakly that they could not withstand opening and closing of the 

flow chamber. 

 

Table 1. The fractional surface coverage by adhering bacteria after 2 h adhesion or 16 
h growth on saliva-coated glass prior to and after opening and closing the flow 
chamber. ± denotes the standard deviation over triplicate experiments. 
 

0.28 ± 0.10

0.42 ± 0.22

1.00 ± 0.00

0.51 ± 0.06

*

After opening

16 h growth

0.29 ± 0.09

0.89 ± 0.13

1.00 ± 0.00

0.92 ± 0.07

*

Before opening

0.01 ± 0.01

0.09 ± 0.03

0.18 ± 0.06

0.04 ± 0.01

0.01 ± 0.01

After opening

2 h adhesion

0.01 ± 0.01

0.13 ± 0.04

0.18 ± 0.05

0.09 ± 0.02

0.03 ± 0.02

Before opening

Multi-species biofilm

Dual-species biofilm

A. naeslundii T14V-J1

S. oralisJ22

S. mutansNS

Biofilm model

*, could not be determined.

0.28 ± 0.10

0.42 ± 0.22

1.00 ± 0.00

0.51 ± 0.06

*

After opening

16 h growth

0.29 ± 0.09

0.89 ± 0.13

1.00 ± 0.00

0.92 ± 0.07

*

Before opening

0.01 ± 0.01

0.09 ± 0.03

0.18 ± 0.06

0.04 ± 0.01

0.01 ± 0.01

After opening

2 h adhesion

0.01 ± 0.01

0.13 ± 0.04

0.18 ± 0.05

0.09 ± 0.02

0.03 ± 0.02

Before opening

Multi-species biofilm

Dual-species biofilm

A. naeslundii T14V-J1

S. oralisJ22

S. mutansNS

Biofilm model

*, could not be determined.  
 

 

In Figure 1, the percentage removal due to contact brushing for each mode of 

brushing is shown for 2 h adhesion (Figure 1A) and 16 h old biofilms (Figure 1B). 

The removal percentages were not significantly different for the three modes of 

brushing, and depended solely on the biofilm model considered. All differences 

observed in percentage removal between the biofilm models were significant, except 

for dual-species biofilms compared to A. naeslundii as well as multi-species biofilms 

compared to S. mutans.  
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Figure 1. The percentage removal due to contact brushing by three different modes of 
brushing and after correcting for handling of the flow chamber. (A) 2 h adhesion and 
(B) 16 h old biofilms. Striped bars represent data for manual brushing, while dotted 
and black bars are valid for electric rotating and sonic brushes, respectively. Note that 
no experiments with 16 h old biofilms could be done with S. mutans NS due to their 
weak adhesion. Error bars represent the SD over three experiments with separately 
cultured bacteria and differently prepared salivary coatings. 
 

A 
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 Non-contact brushing of 16 h old biofilms, however, revealed distinct 

differences in removal between different modes of brushing (see Figure 2). Clearly, 

electric rotating and sonic brushes perform significantly better than manual brushing 

in S. oralis and dual-species biofilms, while a sonic brush only removed significantly 

more biofilm than an electric rotating and manual brush in case of multi-species 

biofilms. Interestingly, A. naeslundii biofilms could not be removed in any significant 

amount, neither by electric rotating nor by sonic brushing. The non-contact removal 

of A. naeslundii biofilm is significantly lower than the other biofilm models, whereas 

dual-species biofilms are removed significantly more than multi-species. 

 

 
Figure 2. The percentage removal of 16 h old biofilms due to non-contact brushing by 
three different modes of brushing and after correcting for handling of the flow 
chamber. Striped bars represent data for manual brushing, while dotted and black bars 
are valid for electric rotating and sonic brushes, respectively. Note that no experiments 
could be done with S. mutans NS due to their weak adhesion. Error bars represent the 
SD over three experiments, with separately cultured bacteria and differently prepared 
salivary coatings. 
 

A 
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Discussion 

In this study, we compared different in vitro biofilm models in order to study plaque 

removal. In particular, we compared single strain, dual-species and multi-species 

biofilms with respect to their virtues in evaluating biofilm removal by different modes 

of contact and non-contact brushing. Different modes of contact brushing removed 

similar percentages of the biofilms, but the adhesion strength judged from removal 

percentages by the different modes of brushing in the different biofilm models, 

appeared strongly dependent on the bacterial strain and was initially much weaker 

than after growth. Non-contact removal was slightly more effective for the sonic than 

for the electric rotating brush, while removal percentages in non-contact removal were 

always less than in contact removal. It is known from literature that rotating 

oscillating and sonic powered toothbrushes are clinically significantly better than 

manual brushing (Tritten and Armitage, 1996; Ho and Niederman, 1997; Moritis et 

al., 2002; Biesbrock et al., 2008; Rosema et al., 2008), while for other forms of 

powered toothbrushes consistent results are lacking (Robinson et al., 2005). Thus, 

since the differences observed between different modes of contact brushing are 

insignificant while clinically powered toothbrushes perform better than manual ones, 

it must be concluded that non-contact brushing adds a clinically relevant contribution 

to plaque removal in vivo. For the current study it was chosen to compare brushing 

modes and biofilm models in the absence of the use of toothpastes, since this allows 

better focus on mechanical removal mechanisms. 

The exact mechanism of non-contact biofilm removal is not known, but must 

involve energy transfer from the brush-head to the biofilm, where the energy is 

applied to disrupt the biofilm. Energy transfer could be through direct acoustic means, 

or by vigorous hydrodynamic motion created by the brush-head (McInnes et al., 1993; 
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Hope et al., 2003). Interestingly, energy transfer by non-contact brushing is 

inadequate to cause removal percentages over 60% (this study; see also (Adams et al., 

2002), which suggests that non-contact brushing can only make a biofilm thinner, but 

is in its current technology unable to remove bacteria in the base, i.e. the initially 

adhering bacteria, of a biofilm). Removal of bacteria in the base of a biofilm may 

therefore require direct contact with the bristles, which puts emphasis as well on the 

applied forces, which were chosen in this study on the basis of clinically reported 

forces for the different modes of brushing (Danser et al., 1998; McCracken et al., 

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

In contact brushing, there are some remarkable differences between the 

biofilm models evaluated. S. mutans biofilms adhere clearly the most weakest, and 

this is in line with the fact that they are not considered to be initial colonizers of tooth 

surfaces in vivo and thus have no role in linking the biofilm to the substratum surface 

(Nyvad and Kilian, 1990). A. naeslundii and S. oralis do belong to the group of initial 

colonizers (Ramberg et al., 2003; Li et al., 2004; Kolenbrander et al., 2006) and it is 

of interest to note that on average their 16 h old dual-species biofilm adheres the most 

tenacious (see Figure 3), even more than a 16 h old multi-species biofilm. This is in 

contrast with the observations on initially adhering bacteria, where multi-species 

adhesion yields the most tenacious adhesion. Initially adhering bacteria have not yet 

had the opportunity to grow and anchor themselves to a substratum through the 

excretion of EPS (Mayer et al., 1999), while in addition they have not been in 

competition for nutrients with each other, which may lead to the competitive 

exclusion from the biofilm of some of the initial colonizers. The percentages of 

Actinomyces in the multi-species and dual-species biofilm are very similar (around 8 

% for multi-species (Al-Ahmad et al., 2007) and around 10% for the dual-species 
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biofilm, as microscopically estimated), and therefore differences in Actinomyces 

prevalence can be excluded as a reason. 

 

 

Figure 3. The percentage removal due to contact brushing, as averaged for all three 
different modes of brushing and after correcting for handling of the flow chamber. 
Grey bars represent 2 h adhesion and black bars denote 16 h old biofilms. Note that no 
experiments with 16 h old biofilms could be done with S. mutans NS due to their weak 
adhesion. Error bars represent the SD over the data for the three different modes of 
brushing involved. 
 

The multitude of proteins present in human whole saliva and in salivary 

conditioning films, elicit complex interactions with specific adhesins on and between 

bacteria. Although the adhesion of S. mutans is promoted by high molecular-weight 

proteins, agglutinins, these are also responsible for aggregation (Carlen and Olsson, 

1995; Carlen et al., 1996). In our experiments, large surface aggregates of S. mutans 

were observed which were easily removed from the surface even by opening of the 

flow chamber, reflecting weak binding. Adhesion of the early colonizers like A. 

A 
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naeslundii and 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 salivary conditioning films and are likely to be involved 

in the stronger binding of A. naeslundii, relative to the one of S. oralis (Cisar et al., 

1984; Prakobphol et al., 1995; Tang et al., 2004). In dual-species biofilms, 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 

salivary conditioning film and its co-adhesion partner, resulting in a strong “initial 

layer” of bacteria, that is difficult to remove. Clearly, this bond strengthening does not 

take place during 2 h adhesion due to time constraints and lack of nutrient availability. 

Summarizing, in an initial adhesion model, multi-species biofilms are most 

difficult to remove by brushing, while in a more mature biofilm model, i.e. after 16 h 

of growth, dual-species biofilms adhere more tenaciously due to the sole presence of 

the initial colonizers A. naeslundii and S. oralis. Although a multi-species biofilm 

derived from fresh human whole saliva and grown for 16 h bears the closest similarity 

to the clinical reality, in vitro it poses less of a challenge to remove than does a dual-

species biofilm. Since moreover, dual-species biofilms are easier to grow 

reproducibly, we believe that these are to be preferred above multi-species biofilms in 

mechanical plaque removal studies in vitro. 
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Introduction 

Biofilm formation is a natural process in the oral environment, but needs to be 

controlled through regular brushing in order to prevent the development of caries and 

periodontal diseases. Regular toothpaste formulations contain a combination of 

fluorides and detergents, mainly sodium dodecyl sulphate to enhance the efficacy of 

brushing and thereby preventing diseases. Yet, in most people, brushing alone is 

inadequate to remove the oral biofilm to an extent that the development of periodontal 

diseases and caries are prevented (Davies, 2008). Therefore a variety of toothpaste 

and mouthrinse formulations with antibacterial properties have been developed and 

evaluated in vitro and in vivo. Common antimicrobials added are triclosan, stannous 

fluoride, cetyl pyridinium chloride and chlorhexidine (Gunsolley, 2006). 

Despite the efficacy of many toothpaste formulations with antibacterial 

properties (Bratthall et al., 1996; Gunsolley, 2006), there is an increasing societal 

desire to rely on naturally occurring compounds for health care, which has also found 

its way into dentistry (Lee et al., 2004). Parodontax®, for instance is a widely known 

herbal-based toothpaste, containing sodium bicarbonate and several herbal, 

carbohydrate-containing components for which medicinal properties are claimed: 

chamomilla extract has anti-inflammatory properties, echinacea extract stimulates the 

immune response, salvia extract decreases tissue bleeding, myrrha extract is a natural 

anti-septic and the extract of mentha piperita is anti-septic, anti-inflammatory and 

antimicrobial (Pistorius et al., 2003; Pannuti et al., 2003). Chitosan is another natural 

compound derived from the bio-polysaccharide chitin and has a poly-cationic 

carbohydrate structure. Chitin is the second most abundant biopolymer in nature and 

can be found in the exoskeletons of arthropods, shells of crustaceans and the cuticles 

of insects. Chitosan has many interesting properties amongst which non-toxicity and 
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antimicrobial activity (Kittur et al., 2005). Applications of the antimicrobial activity 

of chitosans are currently investigated in food packaging, textile and cosmetic 

industries and in medicine, including dentistry (Tsai and Su, 1999; Cooksey, 2005; 

Kenawy ER et al., 2007). Chitosan has antibacterial properties against oral bacterial 

strains (Helander et al., 2001; Rabea et al., 2003; Tang et al., 2010) as well as the 

ability to adsorb to and change the physico-chemical properties of salivary 

conditioning films (or “pellicles” (Van der Mei et al., 2007), which suggests possible 

effects on bacterial re-deposition after use. Due to its cationic nature however, it can 

be questioned whether these properties are preserved in a toothpaste formulation. 

Recently however, the first toothpaste formulations containing chitosan have been 

made available on the market through the internet (see e.g. www.chitodent.de; 

www.dentachin.net). 

The aim of this paper was to test whether the in vitro antibacterial efficacies of 

a herbal- and chitosan-based toothpaste formulation are equally high as of 

chlorhexidine in terms of immediate and delayed bacterial killing in oral biofilms of 

different composition and maturational status. 

 

Materials & Methods 

Toothpastes Supernatants, Chlorhexidine and Buffer  

A herbal-based toothpaste, Parodontax® without fluoride (GlaxoSmithKline 

Consumer Healthcare B.V., Utrecht, The Netherlands) and Chitodent® (B&F Elektro 

GmbH, Filsum, Germany), a chitosan-based formulation were used. For biofilm 

exposure, a toothpaste supernatant was prepared by dissolving 25wt% of toothpaste in 

adhesion buffer (2 mM potassium phosphate, 50 mM potassium chloride and 1 mM 

calcium dichloride, pH 6.8), which was centrifuged (10,000 g, 5 min) to remove 
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abrasive particles. Corsodyl®, a 0.2% chlorhexidine-containing mouthrinse 

(Corsodyl®, GlaxoSmithKline Consumer Healthcare B.V., Zeist, The Netherlands) 

and adhesion buffer were used as positive and negative controls, respectively. 

 

Bacterial Inocula 

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

adhering dual-species biofilms. A. naeslundii was cultured in Schaedler’s broth 

supplemented with 0.01 g/L hemin under anaerobic conditions and S. oralis in Todd 

Hewitt broth (THB, OXOID, Basingstoke, UK) in ambient air, both at 37°C. Strains 

were precultured in an overnight batch culture and inoculated in a second culture 

which was grown for 16 h, harvested by centrifugation for 5 min at 6,500 g and 

washed twice with adhesion buffer. To break bacterial chains or aggregates, bacteria 

were sonicated intermittently while cooling on ice for 30-40 s at 30 W. This procedure 

was found not to cause cell lysis. Bacteria were diluted to a cell density of 1 x 108 per 

mL for A. naeslundii and 3 x 108 per mL for S. oralis in adhesion buffer with 2% 

growth medium. The S. oralis suspension was supplemented with 1.5 mg/mL 

lyophilized human whole saliva. 

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

as a source for multi-species biofilms. In the morning, fresh saliva was collected and 

the bacterial density was determined by counting and found to amount 3 ± 1 x 108 per 

mL on average. The two saliva samples were mixed and diluted 1:1 with adhesion 

buffer, therewith reducing the bacterial concentration to 1.5 x 108 per mL for initial 

adhesion. For growth, 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. Subsequently the saliva was filter sterilized by using a 1.2 µm filter followed 
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by a 0.45 µm filter. Saliva was diluted to 10% in adhesion buffer in order to obtain a 

solution with a viscosity which can be used in the parallel plate flow chamber. All 

volunteers gave their informed consent to saliva donation, with approval of the 

Medical Ethical Committee at UMCG, Groningen (M09.069162), The Netherlands. 

 

Biofilm Formation and Exposure to Antimicrobials 

First a salivary conditioning film was formed on microscope glass slides (75 x 25 

mm). To this end, human whole saliva from at least 20 healthy volunteers of both 

genders was collected into ice-cooled beakers after stimulation by chewing Parafilm®. 

The saliva was pooled, centrifuged and treated by adding phenylmethylsulfonyl 

fluoride to a final concentration of 1 mM as a protease inhibitor in order to inhibit 

salivary protein denaturation. The solution was again centrifuged, dialyzed (molecular 

weight cut off, 6-8 kD) overnight at 4ºC against demineralized water, and lyophilized 

in order to effectively store saliva in unaltered form until needed (Schipper et al., 

2007; Booth et al., 2009). For experiments, lyophilized saliva was dissolved at a 

concentration of 1.5 mg/mL in adhesion buffer. Glass slides were incubated in this 

reconstituted saliva for 16 h at room temperature. 

Glass slides with a salivary conditioning film were used as the bottom plate of 

a parallel plate flow chamber (dimensions: l x w x h = 175 x 17 x 0.75 mm, (Busscher 

and Van der Mei, 2006). The flow chamber was mounted on the stage of a phase 

contrast microscope equipped with a 40x ultra-long working distance objective 

(Olympus ULWD-CD Plan 40 PL). The flow chamber and all tubing were sterilized 

before use. Prior to each experiment, all tubes and the flow chamber were filled with 

adhesion buffer and air bubbles were removed from the system. Once the system was 

filled, and prior to the addition of a bacterial suspension, adhesion buffer was 
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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). Solutions were circulated through the system at a constant flow rate of 1 

mL/min, corresponding with a wall shear rate of 10 s-1 which represents a moderate 

oral shear (Dawes et al., 1989). 

The biofilms used in this study were dual-species biofilms of co-adhering 

bacteria and multi-species biofilms of oral bacteria from freshly collected saliva. 

These biofilms were prepared by initial 2 h adhesion and by initial adhesion followed 

by growth for 16 h. For dual-species biofilms, A. naeslundii was flowed until an 

arbitrary chosen surface coverage of 1 x 106 bacteria/cm2 was reached. Subsequently, 

flow was switched to buffer to remove unattached bacteria from the flow chamber and 

tubes for 30 min. Co-adhesion was initiated by switching the flow to S. oralis in 

saliva for 2 h, resulting in an initial biofilm. When appropriate, flow was switched to 

THB as a growth medium after initial adhesion and continued for 16 h at the same 

flow rate, followed by a 30 min buffer flow to remove THB and unattached bacteria. 

Initial biofilms of 2 h and biofilms after 16 h growth were exposed to toothpaste 

supernatants or controls for 10 min by perfusing the flow chamber and subsequent to 

2 h re-deposition of S. oralis. After exposure to antimicrobials, the flow was switched 

to adhesion buffer for 30 min to remove unattached bacteria from the flow chamber 

and tubes.  

For multi-species biofilms, initial bacterial adhesion from fresh human whole 

saliva was achieved by flowing with a 50% dilution of saliva for 2 h and continued, 

when appropriate, by a 16 h flow with a filter-sterilized 10% saliva solution as a 

growth medium at 0.5 mL/min, corresponding to a wall shear rate of 5 s-1, to limit the 

volume of saliva required. After overnight growth, the antimicrobial exposure 
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procedure described above, was performed. Three flow chambers were 

simultaneously operated, to allow biofilm evaluation before and after exposure as well 

as after re-deposition of bacteria from saliva in one and the same experiment 

After growth, antimicrobial exposure and/or re-deposition, of bacteria one of 

the three flow chambers was disconnected and biofilms were stained for 30 min in 

situ with Live/Dead stain (BacLightTM, Invitrogen, Breda, The Netherlands). Eight 

image stacks along the length of the flow chamber were taken using a Leica TCS-SP2 

Confocal Laser Scanning Microscope (Leica Microsystems Heidelberg GmbH, 

Heidelberg, Germany), while scanning from bottom to top of the biofilm. Images 

were analyzed with COMSTAT, (Heydorn et al., 2000) a Matlab® (The Mathworks, 

Inc.) based analysis program. COMSTAT enables measurement of the biofilm volume 

(µm3/µm2) occupied by live and dead bacteria, from which the %live bacteria in a 

biofilm volume and the %removal after flowing with toothpaste supernatant or 

chlorhexidine (positive control) or buffer (negative control) is obtained according to 

%100*%












 −
=

before

afterbefore

volumebiofilm

volumebiofilmvolumebiofilm
removal  (1) 

in which biofilm volumebefore and biofilm volumeafter represent the total biofilm  

volumes before and after exposure to a toothpaste supernatant or control solutions. 

 

Statistical Analysis 

Statistical analysis and comparison of the different groups were performed with 

Student’s paired samples t-test for comparison before and after exposure to buffer or 

antimicrobial agent and Students’ independent samples t-test for comparisons between 

the different biofilm models. A significance level of p < 0.05 was used. 
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Results 

Initial Biofilms 

Total biofilm volume of the initial dual-species biofilm after 2 h adhesion amounted 

on average 2.4 ± 1.0 µm3/µm2 and these biofilms possessed a high (95%) viability 

(see Figure 1A). Biofilm volumes after 2 h initial adhesion of bacteria from whole 

saliva (multi-species biofilms) were only around 0.2 µm3/µm2 and therewith too small 

for further analyses.  

Chlorhexidine and herbal- and chitosan-based toothpaste supernatants 

removed significantly (p < 0.05) more bacteria than buffer (see Figure 2), with no 

significant differences in removal between chlorhexidine and both toothpaste 

supernatants. The viabilities of 2 h old, initial biofilms were significantly reduced 

after exposure to toothpaste supernatants and chlorhexidine, but most pronounced for 

chlorhexidine (see also Figure 1A) 

Re-deposition of S. oralis to treated 2 h old, initial biofilms was evident from 

an increased biofilm volume after exposure to the chlorhexidine although not 

statistically significant. No adhesion of S. oralis during the re-deposition phase was 

observed on herbal- and chitosan-based toothpaste supernatant exposed biofilms, but 

even ongoing removal in the case of the herbal-based toothpaste (Figure 1A).  

 

Mature Biofilms 

Total biofilm volume of the dual-species biofilm after 16 h formation amounted 10.9 

± 3.4 µm3/µm2, which is about four-fold thicker than after 2 h growth. Multi-species 

biofilms grown from saliva had a significantly smaller (p < 0.05) biofilm volume (2.1 

± 0.8 µm3/µm2) than dual-species biofilms. 
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All biofilms after 16 h growth (see Figures 1 B and C) were highly viable 

before exposure to the natural antimicrobials and chlorhexidine, although the 16 h old 

dual-species biofilm was slightly more viable (93%) than the multi-species one 

(84%). Chlorhexidine was significantly more effective in removing dual-species 

biofilm compared with buffer (65%, see Figure 2) than the two toothpaste 

supernatants. Exposure to the herbal- or chitosan-based toothpaste supernatant 

removed 21 to 34% of the biofilm volumes, respectively (see Figure 2), concurrent 

with a significant decrease in viability for both formulations to less than 60% (see 

Figure 1). Chlorhexidine detached more bacteria on a percentage basis from the 16 h 

old biofilm than from the 2 h old biofilm. The decrease in viability achieved by 

chlorhexidine was comparable or even less than to the ones of the herbal- or chitosan-

based toothpaste supernatants. Buffer exposure neither caused biofilm removal nor a 

decrease in viability (see Figures 1 and 2). 
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Figure 2. %Removal of 2 h old, initial biofilms, 16 h old dual-species biofilms and 16 
h old multi-species biofilms by exposure to buffer, chlorhexidine and supernatants of 
a herbal- and chitosan-based toothpaste formulation. Error bars represent the SD over 
three experiments with separately cultured bacteria. 

 

Adhesion of bacteria during the re-deposition phase was only observed after 

exposure to chlorhexidine and the chitosan-based toothpaste supernatant of a multi-

species biofilm (Figure 1C), indicated by an increase in biofilm volume, whereas the 

herbal-based toothpaste supernatant showed a slight ongoing removal. For dual-

species biofilms (Figure 1B), all antimicrobial agents caused ongoing removal even 

during the re-deposition phase of the experiment, which was statistically significant 

for chlorhexidine. Moreover, during the re-deposition phase, bacterial viabilities 

continued to decrease to below the levels observed prior to the bacterial re-deposition 

phase. This is also illustrated in the CLSM micrographs of 16 h old dual-species 

biofilms before and after exposure to herbal-based toothpaste supernatant and 

chlorhexidine (see Figure 3). Note that bacteria appear yellowish immediately after 
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exposure due to the superposition of red and green-fluorescent bacteria present over 

the thickness of the biofilm. After re-deposition however, bacteria appear more 

convincingly as red, indicative of ongoing killing during the re-deposition phase. 

 

 Before exposure  After exposure      After re-deposition 

 
 
Figure 3. Confocal laser scanning microscopic overlayer images of 16 h old dual-
species biofilms before and after exposure to herbal-based toothpaste supernatant (A) 
or chlorhexidine (B), as well as after 2 h re-deposition of bacteria. 
Staining was done with Live/Dead stain: green represents live bacteria while dead 
bacteria appear as red fluorescent dots. Bar denotes 75 µm. 
 

Discussion 

In this paper, we studied antibacterial efficacies of two toothpastes containing natural 

antimicrobial components in comparison with the efficacy of chlorhexidine, being the 

gold standard for chemical oral biofilm (or “plaque”) control. Antibacterial efficacy 

was assessed against biofilms of different maturational status, grown for 2 or 16 h and 

comprised of A. naeslundii and S. oralis, two initial colonizers of enamel surfaces in 

vivo.  
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Both the herbal- and chitosan-based toothpaste derived supernatants showed 

comparable or even better immediate and ongoing killing and even prevention of 

adhesion of bacteria during the re-deposition phase to the biofilm than chlorhexidine. 

This effect could only be demonstrated in mature biofilms, formed by growth during 

16 h, therewith suggesting a larger absorptive capacity of thicker biofilms, that may 

be involved in the substantive action of the antimicrobials. Clinical studies have also 

shown the potential of both Parodontax and chitosan in reducing plaque re-growth as 

well as antibacterial substantivity (Arweiler et al., 2002; Bae et al., 2006). 

Chlorhexidine is known to possess good substantivity that may enhance its 

clinical efficacy when long-term killing is needed (Cousido et al., 2010). 

Interestingly, the present study also showed that chlorhexidine detached more bacteria 

on a percentage basis from the mature biofilm than from the initial biofilm, which 

might indicate that the adhesion strength between a bacterium and the salivary 

conditioning film is stronger than between bacteria in the biofilm. This is surprising, 

since chlorhexidine does not a priori contain any surfactants.  

Adhesion of bacteria during the re-deposition phase to the biofilms was only 

seen after exposure to chlorhexidine and chitosan-based toothpaste supernatants in a 

multi-species biofilm. Likely, the variety of different bacterial strains and species in 

saliva offers the possibility for different bacterial strains to adhere to an exposed 

biofilm, whereas the two strains constituting the dual-species biofilm are not attracted 

to the these biofilms. This highlights the major advantage, and at the same time the 

disadvantage of using multi-species biofilms grown from saliva. Due to the large 

variety of strains and species, the experiment becomes less defined than when 

working with a dual-species biofilm, but on the other hand, multi-species biofilm are a 

better representation of biofilms as clinically occurring. In addition, increased re-
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deposition of bacteria after exposure to these two cationic antimicrobials may be 

stimulated by their adsorption to the salivary conditioning film, which is known to be 

accompanied by less negative zeta potentials and thus less electrostatic repulsion 

between negatively-charged bacteria and the conditioning film (Van der Mei et al., 

2007). 

It can be of clinical relevance that bacterial detachment and killing in mature 

oral biofilms may continue after exposure to antibacterial compounds from 

toothpastes and  chlorhexidine. This suggests that matured biofilms may act as a 

reservoir for oral antimicrobials enabling prolonged killing, whereas initial biofilms 

are evidently too thin to act as an effective reservoir. These observations confirm 

recent clinical findings by Otten et al., (Otten et al., 2010) demonstrating that 

clinically collected plaques from patients after rinsing with an antibacterial 

mouthrinse indeed contained sufficient antibacterial activity to kill new dental plaque. 

We now demonstrated in vitro that natural antimicrobials in herbal- and 

chitosan toothpastes can be equally effective as chlorhexidine, not only with respect to 

immediate but also delayed bacterial killing as a result of substantivity of 

antimicrobials in oral biofilms. 
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SUMMARY AND CONCLUSIONS 
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In Chapter 1, a short introduction is given concerning historic developments in oral 

health care. Although cleaning teeth and the use of toothpastes and mouthrinses has 

been known for centuries, this was most of the time not intended for the purpose of 

preserving oral health. The discovery of bacteria in dental plaque by Antonie van 

Leeuwenhoek in 1676, was the start of the association of bacteria with oral disease. 

However, it took until 1965 when Löe and coworkers demonstrated in their landmark 

experimental gingivitis study that bacteria were the cause of gingivitis. Nowadays, the 

development of toothbrush designs, toothpastes and mouthrinses has become an 

important industry. Toothbrush designs and the development of powered toothbrushes 

aim at maximum removal of bacteria, while toothpastes and mouthrinses are 

developed in order to assist in the control of plaque and caries as well as gingival 

inflammation, although the exact nature of the synergy between mechanical and 

chemical plaque control is not always known. Development of new means for 

mechanical and chemical plaque control can be performed in vivo, using groups of 

volunteers or in vitro, using a variety of models each with its own specific property. 

Although in the end, in vivo experiments are inevitable to find out efficacy in the 

human oral cavity, in vitro experiments are the logical first steps in mechanical and 

chemical plaque control development. In contrast to in vivo, in vitro experiments are 

able to give insights into fundamental processes, such as effects of co-adhesion by 

different strains and species on a substratum. Another advantage is the independence 

of human volunteers and controllability of in vitro experiments. However, models are 

always a simplification of a complex system. The human oral cavity is inhabited by 

thousands of different bacterial species, giving rise to  extremely complex biofilms. 

The many possible interactions between bacteria with each other and between bacteria 

with a substratum surface are complex already on their own, but these interactions 
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become even more complicated by many other factors, such as the individuals flora, 

genetic make up of e.g. tissue receptors, immunological responses, salivary 

composition and diet. Therefore the main aims of this thesis are, (1) to compare 

different oral biofilm models with respect to their virtues for the evaluation of 

mechanical and chemical plaque control and, (2) to test the hypothesis that plaque left 

behind can act as a reservoir for oral antimicrobials, to provide additional 

substantivity. 

 

Single Strain Oral Biofilm Models as Used for Mechanical Plaque Removal 

Studies 

In Chapter 2, the efficacies of three different modes of contact-brushing on bacterial 

removal and re-deposition in single strain biofilm models on a saliva-coated surface 

were compared. Streptococcus oralis J22, Streptococcus mutans NS or Actinomyces 

naeslundii T14V-J1 were adhered to a salivary pellicle and after 2 h adhesion or 16 h 

growth, removal and re-deposition were studied. No differences in either removal or 

re-deposition were observed between the manual, electric rotating or sonic brush. For 

re-deposition, this suggests that the effect of bacterial footprints is not of influence in 

single strain experiments. Interestingly, there were significant differences between 2 h 

adhesion and 16 h growth as well as between the single strains. After 2 h adhesion, 

removal was on average 93% for S. mutans and S. oralis and 95% for A. naeslundii, 

while after 16 h growth removal was 94% for S. oralis and 86% for A. naeslundii. 

Although the S. mutans strain did grow a biofilm, it could not be used in experiments, 

because of the weak adhesion strength to the surface. Significant differences in 

bacterial removal as observed between the biofilm models, could be explained by 

differences in binding strengths to the salivary pellicle surface: the lower the 
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percentage removal, the stronger the binding strength. The binding strength increased 

in the following order: A. naeslundii T14V-J1 > S. oralis J22 > S. mutans NS. For 2 h 

adhesion experiments, after re-deposition the percentage regained is significantly 

lower for S. oralis (75%) than for S. mutans or A. naeslundii, which both return to 

around 100%. The lower fractional surface coverage for S. oralis J22 after 2 h re-

deposition compared to 2 h deposition before brushing, suggests the removal of 

specific adhesins in the pellicle by brushing. The 16 h old biofilms show a similar 

result: S. oralis regains to 18%, whereas A. naeslundii regains to 51%. The lack of 

differences in either removal or re-deposition between brushing modes, is explained 

by the fact that brushing was done in a contact mode, usually highly effective in these 

models. In conclusion, the choice of a given bacterial strain is of great importance in 

in vitro studies on mechanical plaque removal, as different strains of early colonizing 

bacteria clearly have different binding strengths to the salivary pellicle. In particular, 

caries associated S. mutans was easily removed. The weak binding strength of 

S. mutans NS to salivary pellicles may reflect its characteristic as a late colonizer of 

dental hard surfaces in vivo and therewith its absence in the composition of initial 

plaque. 

 

Dual-species and Multi-species Oral Biofilm Models as Used for Mechanical 

Plaque Removal Studies 

Single species biofilms lack the interaction between strains as present in multi-species 

biofilms, such as dental plaque in vivo. Therefore the aim of Chapter 3 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 and bacterial re-deposition after brushing. Influence of bacterial footprints 
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on re-deposition of bacteria was not observed. For the co-adhering dual-species 

biofilms, we used A. naeslundii T14V-J1 and S. oralis J22, while fresh human whole 

saliva was used as a multi-species source for bacterial adhesion and biofilm growth. 

No differences in either removal or re-deposition were observed between the manual, 

electric rotating or sonic brush. However, (as in Chapter 2) there were significant 

differences between 2 h adhesion and 16 h growth as well as between biofilm models. 

The binding strength, as concluded from the percentage removal revealed opposite 

effects between the dual-species and multi-species biofilm models. Dual-species 

biofilms showed significantly stronger binding after growth, in contrast to multi-

species biofilms, which showed significantly weaker binding after growth. After re-

deposition, the percentage regained was calculated by comparing newly adhering 

bacteria to the level of bacterial adhesion before brushing. For both dual-species as 

well as multi-species biofilms, the percentage regained is significantly higher after 2 h 

re-deposition (53% and 95%, respectively) than after 16 h growth (28% and 7%, 

respectively). As for Chapter 2, the lack of differences in either removal or re-

deposition of bacteria between brushing modes, is explained by the fact that brushing 

was done in a contact mode. Although our multi-species biofilms closely resemble 

clinical reality, dual-species biofilms are preferred due to their accurately controllable 

composition and the weak binding of multi-species biofilms. Moreover, the dual-

species biofilms adhere strongly, and are therewith a good “worst case” model for use 

in mechanical plaque removal studies in vitro.  In Chapter 4, we compared contact 

and non-contact removal of single and dual-species (A. naeslundii T14V-J1 and S. 

oralis J22) biofilms as well as of multi-species biofilms grown from fresh human 

whole saliva in vitro, using the biofilm models compared in Chapters 2 and 3. 

Bacteria were adhered to a salivary pellicle for 2 h or grown after adhesion for 16 h 
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after which their removal was evaluated. In a contact mode, no differences were 

observed between the manual, electric rotating or sonic brushing and removal was on 

average 39%, 84% and 95% for S. mutans NS, S. oralis J22 and A. naeslundii T14V-

J1, respectively and 90% and 54% for the dual- and multi-species biofilms, 

respectively. All differences observed in percentage removal between the biofilm 

models were significant, except for dual-species biofilms compared to A. naeslundii 

as well as for multi-species biofilms compared to S. mutans. However, in a non-

contact mode, electric rotating and sonic brushes still removed significantly more 

bacteria (24-40%) than the manual brush as a control (5-11%). Single strain A. 

naeslundii and dual-species biofilms were more difficult to remove after 16 h growth 

than after 2 h adhesion (on average 62% and 93% for 16 and 2 h old biofilms, 

respectively), while in contrast biofilms grown from whole saliva were easier to 

remove (97% and 54% for 16 and 2 h old biofilms, respectively). Considering the 

strong adhesion of dual-species biofilms, and their easier, more reproducible growth 

compared with biofilms grown from whole saliva, dual-species biofilms of A. 

naeslundii and S. oralis are to be preferred for use in mechanical plaque removal 

studies in vitro. 

 

Antibacterial Activity of Natural Antimicrobials in  Toothpaste Formulations 

Against Oral Biofilms In Vitro 

With respect to a potential synergy between mechanical and chemical plaque control, 

it is important to notice that, irrespective of the biofilm model considered and similar 

to our in vitro results, also in vivo 100% removal of oral biofilm is impossible and 

plaque is always left behind (Haps et al., 2008). Therefore, we posed the hypothesis 

that plaque left behind can act as a reservoir for oral antimicrobials, providing 
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additional substantivity. This hypothesis was addressed in Chapter 5, where we 

studied the in vitro antibacterial efficacies of a herbal- and chitosan-based toothpaste 

formulation (Parodontax® and Chitodent®) and compared them with a chlorhexidine 

containing mouthrinse (Corsodyl®), as a positive control and adhesion buffer, as a 

negative control. Antibacterial efficacy was evaluated by acute bacterial killing, 

removal and prevention of re-deposition against initial and mature dual- and multi-

species oral biofilms. The total biofilm volume of the dual-species mature biofilm 

amounted 10.9 ± 3.4 µm3/µm2, which is about four-fold thicker than an initial dual-

species biofilm (2.4 ± 1.0 µm3/µm2). Mature multi-species biofilms grown from saliva 

had a significantly smaller biofilm volume (2.1 ± 0.8 µm3/µm2) than dual-species 

biofilms. Biofilm volumes after initial adhesion of bacteria from whole saliva (multi-

species biofilms) were only around 0.2 µm3/µm2 and therewith too small for further 

analyses. The herbal- and chitosan-based toothpastes showed comparable acute killing 

of oral biofilm bacteria as chlorhexidine. Moreover, treatment of a mature biofilm 

with a paste or the positive control rinse, yielded ongoing killing of biofilm bacteria 

even during re-deposition after treatment. This prolonged activity suggests that 

biofilm may act as a reservoir for oral antimicrobials. Multi-species biofilms had a 

somewhat larger resilience than dual-species biofilm in achieving re-deposition after 

treatment, probably due their larger variety of strains and species than present in a 

dual-species biofilm. 

The most striking difference between initial and mature oral biofilms appeared 

to be that, opposite to our observations on mature biofilms, there was no ongoing 

decrease in bacterial viability during the re-deposition phase after chemical treatment 

of an initial biofilm. Initial oral biofilms possess maximally one or two layers of 

bacteria and evidently have an insufficient sponge capacity to retain antimicrobials in 
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an amount that enables release in concentrations that are high enough to kill re-

depositing bacteria. Thicker, mature biofilms apparently have that ability, which may 

imply a synergistic mechanism between plaque left behind after brushing and oral 

antimicrobials. Such a potential synergistic mechanism between (inadequate) 

mechanical and chemical plaque control is new, and has been further evaluated in an 

in vivo study from our department (Otten et al., 2010). 

 

Conclusions 

In conclusion, a better insight in the use of biofilm models for mechanical and 

chemical in vitro plaque studies is given in this thesis. When performing mechanical 

plaque removal studies in vitro, the use of 16 h dual-species biofilms (as used in this 

thesis) is advised. This strongly adhering and thick biofilm is difficult to remove, 

presenting a model in which differences between brushes are best observed. The 

performances of electric rotating and sonic brushes are much better than of a manual 

brush, but never sufficient to remove all biofilm. When chemical plaque control is 

under investigation, the biofilm model should be able to provide insight into the 

efficacy of the antimicrobial, as in removal and killing of bacteria and the prevention 

of re-deposition. 

In vitro, natural antimicrobials containing toothpastes Parodontax® and 

Chitodent® were effective antimicrobial toothpastes, with acute efficacies comparable 

to chlorhexidine. The effects were most pronounced on thicker 16 h old biofilms and 

ongoing after treatment and during bacterial re-deposition, suggesting that clinically, 

antimicrobial oral health care benefits might be gained from antimicrobial absorption 

in plaque left behind, which is inevitably present in regions where plaque is difficult 

to remove and biofilm is left after brushing. Especially in patients with orthodontic 
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appliances or having an otherwise compromised ability to remove plaque 

mechanically, this might be of additional benefit. 
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De historische ontwikkelingen in de mondverzorging worden in Hoofdstuk 1 

beschreven. Ondanks dat tandenpoetsen en het gebruik van tandpasta en 

mondspoelmiddelen al eeuwen een bekend gebruik is, was het meestal niet met de 

bedoeling om de mondgezondheid te behouden. Tandenpoetsen was eerder van 

cosmetische aard en werd niet gezien als een middel om ziekteverwekkers te 

verwijderen. Pas in 1676 werd met de ontdekking van bacteriën in tandplaque door 

Antonie van Leeuwenhoek, een start gemaakt met de associatie van bacteriën met 

ziekten van de mond. Het duurde nog drie eeuwen voordat in 1965, Löe en 

medewerkers met het experimentele gingivitis (tandvleesontsteking) model 

aantoonden dat bacteriën de oorzaak van tandvleesontsteking zijn. Tegenwoordig is 

de ontwikkeling van tandenborstels, tandpasta’s en mondspoelmiddelen een 

belangrijke industrie geworden. Mechanische plaque controle met (elektrische) 

tandenborstels en interdentale hulpmiddelen hebben een maximale verwijdering van 

bacteriën als doel. Chemische plaque controle is erop gericht om met tandpasta’s en 

mondspoelmiddelen tandplaque te doden en te verwijderen, cariës (tandbederf) tegen 

te gaan en tandvleesontstekingen te voorkomen. Echter, het onderliggende 

mechanisme van de samenwerking tussen mechanische en chemische plaque controle 

is niet altijd bekend. De ontwikkeling van nieuwe technieken in mechanische en 

chemische plaque controle kan in vivo (in een levend organisme) onderzocht worden 

met behulp van vrijwilligers of in vitro (buiten een levend organisme), in een 

laboratorium gebruikmakend van experimentele modellen. Hoewel in vivo 

experimenten uiteindelijk noodzakelijk zijn om effectiviteit in de menselijke 

mondholte vast te stellen, zijn in vitro experimenten de logische eerste stap in 

mechanische en chemische plaque controle ontwikkelingen. In tegenstelling tot in 

vivo, zijn in vitro experimenten in staat om inzicht te geven in fundamentele 
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processen, zoals het effect van co-adhesie van verschillende bacterie soorten en 

stammen op een oppervlak. Uiteraard blijven modellen altijd een simplificatie van een 

complex systeem. De menselijke mondholte wordt bezet door duizenden 

verschillende bacterie soorten, wat een zeer diverse, complexe biofilm tot gevolg kan 

hebben. Verder spelen genetische factoren, speeksel samenstelling en dieet een grote 

rol in de plaque samenstelling. In dit proefschrift worden verschillende orale 

(mondholte) biofilm modellen vergeleken in relatie tot de voordelen voor evaluatie 

van mechanische en chemische plaque controle. Daarnaast wordt de hypothese getest 

dat achtergebleven plaque kan acteren als een opslag voor orale antimicrobiële 

middelen, om op deze manier extra substantiviteit (langdurige werking) te creëren. 

 

Oraal Biofilm Model Gebaseerd op Eén Bacterie Soort voor Mechanische Plaque 

Verwijdering Studies 

Plaque verwijdering met drie verschillende borstel technieken en redepositie (opnieuw 

hechten van bacteriën na verwijdering) van drie verschillende bacteriën op een 

speeksel gecoat oppervlak werden met elkaar vergeleken. Streptococcus oralis J22, 

Streptococcus mutans NS of Actinomyces naeslundii T14V-J1 werden gehecht aan 

een speeksel gecoat oppervlak. Hierop werd een initiële (2 uur adhesie) of een 

gematureerde biofilm gecreëerd (16 uur groei na adhesie). Deze biofilms werden 

daarna verwijderd met een hand-, elektrisch roterende- of sonische tandenborstel. Na 

verwijdering met een tandenborstel werd de redepositie bestudeerd. Er waren geen 

verschillen in verwijdering en redepositie tussen de hand-, elektrisch roterende- of 

sonische tandenborstel. Dit is in overeenstemming met het feit dat deze 

borsteltechnieken even effectief zijn wanneer contact gemaakt wordt met het 

oppervlak. Opvallend is dat er significante verschillen waren tussen een initiële en een 
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gematureerde biofilm als ook tussen de verschillende bacterie stammen. Voor initiële 

biofilms was de verwijdering gemiddeld 93% voor S. mutans en S. oralis en 95% voor 

A. naeslundii, terwijl dit voor gematureerde biofilms 94% voor S. oralis en 86% voor 

A. naeslundii was. Hoewel de S. mutans stam wel groei liet zien kon deze niet 

gebruikt worden als gematureerde biofilm, vanwege de zeer zwakke hechtingssterkte 

aan het oppervlak groeide er geen bruikbare biofilm. Significante verschillen in 

bacteriële verwijdering tussen de verschillende stammen kunnen verklaard worden 

door verschillen in bindingsterkte aan de speeksellaag, hoe lager het percentage 

verwijdering, hoe sterker de bindingsterkte. De bindingssterkte nam als volgt toe: A. 

naeslundii T14V-J1 > S. oralis J22 > S. mutans NS. Voor initiële biofilm 

experimenten is na redepositie het percentage gehechte bacteriën significant lager 

voor S. oralis (75%) dan voor S. mutans of A. naeslundii, die beide terugkwamen tot 

100% van het aantal bacteriën voor borstelen. De lagere fractie oppervlakte bedekking 

voor S. oralis J22 ná borstelen en 2 uur redepositie in vergelijking met de initiële 

depositie en vóór het borstelen suggereert dat borstelen ook specifieke adhesie 

factoren in de speeksellaag verwijderd. Eenzelfde resultaat gold voor de gematureerde 

biofilms: S. oralis keert na redepositie terug tot 18%, terwijl A. naeslundii terugkeert 

tot 51% van de fractie oppervlakte bedekking na groei en vóór het borstelen. 

Concluderend, de keuze van een bacterie soort is van groot belang bij in vitro studies 

naar mechanische plaque verwijdering, de verschillende soorten van vroeg 

koloniserende bacteriën hebben een overduidelijk verschil in bindingsterkte aan de 

speeksellaag. In het bijzonder werd de cariës geassocieerde S. mutans NS makkelijk 

verwijderd. De zwakke bindingsterkte van S. mutans NS aan speeksel reflecteert 

mogelijk zijn karakteristieke in vivo eigenschap van late kolonisator aan het harde 

tandoppervlak en daarmee zijn afwezigheid in de samenstelling van initiële plaque. 
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Orale Biofilm Modellen Gebaseerd op Meerdere Bacterie Soorten voor 

Mechanische Plaque Verwijdering Studies 

Biofilms opgebouwd uit één enkele bacterie missen de interactie tussen stammen 

welke wel aanwezig is in biofilms opgebouwd uit verschillende bacteriën, zoals 

tandplaque in vivo. Het doel van Hoofdstuk 3 was om biofilms opgebouwd uit twee 

bacterie soorten te vergelijken met biofilms opgebouwd uit gemengde (meerdere 

soorten) bacteriën, in dit geval uit humaan (menselijk) speeksel. Er werd hierbij 

gekeken naar initiële en gematureerde biofilms met betrekking tot hun gemak van 

verwijdering door verschillende borstel technieken en vervolgens bacteriële 

redepositie na borstelen. Voor adhesie en groei van de biofilms is een co-adherend 

paar (aan elkaar hechtend), A. naeslundii T14V-J1 en S. oralis J22, gebruikt en vers 

humaan speeksel om een biofilm van een gemengde bacterie cultuur te maken. Er 

werden net als in Hoofdstuk 2, geen verschillen gevonden in verwijdering of 

redepositie tussen de hand- elektrisch roterende- of sonische tandenborstel, vanwege 

het borstelen in contact-modus. Echter bleken er wel significante verschillen te zijn 

tussen initiële en gematureerde biofilms, zowel binnen als tussen de biofilm bestaande 

uit twee bacteriën en een gemengde bacteriecultuur. Gematureerde biofilms bestaande 

uit twee bacteriën vertoonden een significant sterkere binding ten opzichte van 

gemengde bacterie biofilms. Na redepositie werd het percentage gehechte bacteriën 

berekend ten opzichte van het niveau van bacteriële adhesie vóór borstelen. Voor 

zowel biofilms bestaande uit twee bacteriën als gemengde bacteriecultuur is het 

percentage gehechte bacteriën significant hoger na 2 uur redepositie voor initiële 

biofilms (respectievelijk 53% en 95%) dan voor gematureerde biofilms 

(respectievelijk 28% en 7%). Ondanks dat onze biofilm model bestaande uit een 

gemengde bacteriecultuur sterk overeenkomt met de klinische realiteit, hebben de 
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biofilms bestaande uit twee bacteriën toch de voorkeur. Dit vanwege de zeer goede 

controleerbare samenstelling van biofilms bestaande uit twee bacteriën en de zwakke 

binding van biofilms bestaande uit een gemengde bacteriecultuur. Hier komt nog bij 

dat vanwege de sterke binding van biofilms bestaande uit twee bacteriën deze een 

goed “ergste geval” model bieden voor gebruik in mechanische plaque verwijdering 

in in vitro studies. In Hoofdstuk 4 hebben we vervolgens in vitro contact en niet-

contact (hierbij poetst de tandenborstel 2 mm boven het oppervlak) verwijdering 

vergeleken van een biofilm bestaande uit één soort en twee soorten bacteriën (A. 

naeslundii T14V-J1 en S. oralis J22) als ook met biofilm vanuit speeksel (bacteriën 

uit vers humaan speeksel). Verwijdering van bacteriën werd geëvalueerd in initiële en 

gematureerde biofilms. In een contact-modus werden er geen verschillen gevonden 

tussen hand- elektrisch roterend- en sonisch borstelen. De verwijdering was 

gemiddeld 39%, 84% en 95% voor respectievelijk S. mutans NS, S. oralis J22 en A. 

naeslundii T14V-J1 en 90% en 54% respectievelijk voor de biofilm bestaande uit 

twee bacteriën en de gemengde bacteriecultuur. Alle verschillen in het percentage 

verwijdering tussen de biofilm modellen waren significant, behalve het verschil tussen 

de biofilm bestaande uit twee bacteriën en A. naeslundii en tussen de biofilm 

bestaande uit een gemengde bacteriecultuur en S. mutans. Echter, wanneer geborsteld 

wordt in een niet-contact modus, verwijderen elektrisch roterende- en sonische 

tandenborstels significant meer bacteriën (24-40%) dan de hand tandenborstel (5-

11%). Het in contact-modus verwijderen van A. naeslundii en de biofilm bestaande uit 

twee bacteriën was moeilijker van gematureerde dan van initiële biofilms 

(respectievelijk 62% en 93%). In tegenstelling, de verwijdering van gematureerde 

biofilms gegroeid uit humaan speeksel was gemakkelijker dan van de initiële biofilms 

(respectievelijk 62% en 93%). Gezien de sterke adhesie van biofilms bestaande uit 



 

 
115 

twee bacteriën en hun makkelijke, beter reproduceerbare groei vergeleken met 

biofilms gevormd uit humaan speeksel, zijn biofilms bestaande uit A. naeslundii 

T14V-J1 en S. oralis J22 te prefereren voor gebruik in mechanische plaque 

verwijdering studies. 

 

Antibacteriële Activiteit van Natuurlijke Antimicro biële Middelen in Tandpasta 

Tegen Orale Biofilms In Vitro 

Met betrekking tot een potentiële samenwerking van mechanische en chemische 

plaque controle is het belangrijk om op te merken dat in vivo 100% verwijdering van 

orale biofilm onmogelijk is en er altijd biofilm achterblijft. Met het oog op deze 

onvolledige verwijdering, werd onderzocht of achtergebleven biofilm als een opslag 

voor orale antimicrobiële middelen kan dienen en hiermee verlengde activiteit levert. 

Deze hypothese werd getoetst in Hoofdstuk 5, hierin werd de in vitro antibacteriële 

efficiëntie onderzocht van een op kruiden- (Parodontax®) en chitosan-gebaseerde 

tandpasta (Chitodent®). Deze tandpasta’s werden vergeleken met een chloorhexidine 

bevattend mondspoelmiddel (Corsodyl®) als positieve controle en buffer als negatieve 

controle. Antibacteriële efficiëntie werd geëvalueerd op basis van directe bacterie 

doding, verwijdering en preventie van redepositie tegen initiële en gematureerde orale 

biofilms bestaande uit twee of meerdere bacteriën. De totale biofilm dikte van de 

gematureerde biofilm bestaande uit twee bacteriën bedroeg 10.9 ± 3.4 µm3/µm2, wat 

ongeveer vier keer zo dik is als een initiële biofilm bestaande uit twee bacteriën (2.4 ± 

1.0 µm3/µm2). Gematureerde biofilms gevormd uit humaan speeksel hadden een 

significant kleiner biofilm dikte (2.1 ± 0.8 µm3/µm2) dan biofilms bestaande uit twee 

bacteriën. De biofilm dikte na initiële adhesie van speeksel bacteriën bedroeg slechts 

rond de 0.2 µm3/µm2 en was daarmee onbruikbaar voor verdere analyses. De kruiden- 
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en chitosan-gebaseerde tandpasta’s vertoonden een gelijkwaardige directe bacteriële 

doding van biofilms als met chloorhexidine. Bovendien resulteerde de behandeling 

van een gematureerde biofilm met een tandpasta of chloorhexidine in een verlengde 

activiteit, ook tijdens redepositie van bacteriën werden er nog bacteriën gedood. Deze 

verlengde activiteit suggereert dat een biofilm functioneert als opslag voor orale 

antimicrobiële middelen. Na blootstelling aan tandpasta of chloorhexidine lieten 

biofilms uit speeksel een grotere bacteriële doding zien tijdens redepositie dan 

biofilms bestaande uit twee bacteriën, mogelijk vanwege de grotere variatie in 

bacterie stammen en soorten dan aanwezig in een biofilm bestaande uit twee 

bacteriën. 

Het meest opvallende verschil tussen initiële en gematureerde orale biofilms 

bleek te zijn dat, er geen bacteriële doding was gedurende de redepositie fase na 

chemische behandeling van een initiële biofilm in tegenstelling tot gematureerde 

biofilms. Initiële orale biofilms bestaan maximaal uit één of twee bacterie lagen. 

Klaarblijkelijk bezitten deze hiermee onvoldoende sponscapaciteit om een dergelijke 

hoeveelheid antimicrobiële middelen vast te houden die het mogelijk maakt om 

concentraties vrij te geven, hoog genoeg om nieuw hechtende bacteriën te doden. 

Naar het lijkt hebben de dikkere gematureerde biofilms deze “spons” eigenschap wel, 

de achtergebleven plaque na spoelen met tandpasta biedt een reservoir voor de orale 

antimicrobiële middelen. De “spons” werking van de biofilm die achterblijft na 

spoelen, aangetoond in deze studie, is nieuw en is ook verder onderzocht in een in 

vivo studie van onze afdeling. 
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Conclusies 

In dit proefschrift wordt een beter inzicht gegeven in het gebruik van biofilm 

modellen voor mechanische en chemische in vitro plaque studies. Voor het uitvoeren 

van in vitro mechanische plaque verwijdering studies, wordt het gebruik van 

gematureerde biofilms bestaande uit twee bacterie soorten geadviseerd. Deze sterk 

hechtende en dikke biofilm is moeilijk te verwijderen, waarmee het een model 

introduceert waarin de verschillen tussen verschillende manieren van mechanische 

reiniging het best onderzocht kunnen worden. De prestaties van elektrisch roterende- 

en sonische tandenborstels zijn veel beter dan die van een hand tandenborstel, maar 

zijn desondanks nooit volledig toereikend om een biofilm geheel te verwijderen. 

In vitro bleken de natuurlijke, op kruiden- en chitosan-gebaseerde tandpasta’s 

Parodontax® en Chitodent® effectieve antimicrobiële tandpasta’s, met een directe 

efficiëntie vergelijkbaar aan chloorhexidine. De directe effecten waren het meest 

opvallend bij de dikkere gematureerde biofilms en zetten door na chemische 

behandeling gedurende bacteriële redepositie. 
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In dit gedeelte bedankt de schrijver zoals gewoonlijk iedereen die hem, op wat voor 

manier dan ook, heeft geholpen en bijgestaan in zijn promotietraject. Dit zijn vaak 
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De haven is bereikt, 
op naar de volgende! 


