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Generall  Introduction 

Inn this chapter, an overview of the literature related to the topic of this thesis will be 
given.. Emphasis will be put on the description of biofilms in general, in dentistry and 
onn a summary of biofilm models which have been applied in dental research. The use 
off  biofilm models in testing chlorhexidine will also be discussed. At the end, an 
outlinee of this thesis will be provided. 

Biofilm ,, Lifestyle of the Bacteria 

Bacteriall  biofilms, by definition, are matrix-enclosed bacterial populations adherent 
too each other and/or to surfaces or interfaces [Costerton et al, 1995]. Biofilms exist in 
nearlyy every aspect of our life. They are found on the surfaces of the teeth and 
implants,, in food processing equipment, in water pipes, etc. Some biofilms are 
harmfull  to human beings; others, however, might be beneficial. Understanding the 
propertiess of biofilms can help us to control or to make use of biofilms more 
effectively.. Traditionally, bacteria were studied in suspensions. In 1978, Costerton 
andd colleagues speculated that the properties of bacterial cells change when the 
bacteriaa are co-existing in biofilms [Costerton et al, 1978]. Since then, more and 
moree studies have shown that due to phenotypic changes of bacterial cells, diffusion 
barrierss created by extracellular polysaccharides, or cell-to-cell communication, the 
propertiess of biofilms are significantly different from those of the traditionally studied 
planktonicc cultures [Costerton et al, 1995; Marsh, 1995]. Now the importance of 
studyingg bacteria in their biofilm habitat is accepted worldwide. 

Dentall  Biofil m and Dental Plaque 

Thee term 'biofilm' was introduced to dentistry about ten years ago. From then on the 
researchh on dental biofilms has increased substantially, especially in the last few years. 
Nevertheless,, it should be stressed that dental biofilms are not a completely new 
phenomenonn in dentistry. Some researchers resembled 'dental biofilm' with 'King's 
neww clothes'. Dental biofilm by definition is the same as dental plaque. In a 
symposiumm held in 1969, it was generally accepted that dental plaque consists 
predominantlyy of micro-organisms plus extracellular polysaccharides and usually an 
underlyingg pellicle of salivary origin [McHugh, 1999]. Dental plaque is recognized as 
thee causal agent of caries and periodontal diseases. In the past, various aspects of 
dentall  plaque have been studied in depth. For example, the role of the extracellular 

3 3 



Chapterr 1 

polysaccharidess in caries formation [Gibbons, 1968] and in increasing the resistance 
off  dental plaque to antimicrobials was already shown before 1990 [Wolinsky and 
Hume,, 1985]. It might thus seem that the term 'dental biofilm' brought nothing new 
too dentistry. 

However,, recent biofilm studies indicate that the term 'biofilm' is not just a fashion. 
Thee introduction of dental biofilms broadened the concept of dental plaque. Viewing 
dentall  biofilms as one type of biofilm also facilitates us to apply new concepts and 
techniquess from other biofilm areas to the research of dental biofilms. In fact, 
researchh on dental biofilms increased our understanding of the role of bacteria in oral 
diseases.. It was confirmed that as for other biofilms, dental biofilms are more 
resistantt to antimicrobial agents than planktonic cells. Moreover, it was revealed that 
thee physiology of the cells changed when they were in a biofilm state. For instance, 
thee cells in biofilms were more repressed in their respiratory activities [Nguyen et al.t 
2002]]  and possessed a better tolerance in an acidic environment [McNeill and 
Hamilton,, 2003]. 

Dentall  Biofilm Models in Cariology 

Too study biofilms, the traditional bacterial batch culture systems are no longer 
suitable.. Various biofilm models have therefore been developed. The type of model 
usedd in a biofilm study generally depends on the purpose of the study and the growth 
conditionss required for the specific biofilm. In dentistry, equipment for biofilm 
growthh can be as simple as a glass slide or a microtiter plate, or be rather complicated, 
suchh as a Constant Depth Film Fermentor (CDFF) or an in situ model. A brief review 
ofof in situ and in vitro biofilm models which are used in Cariology is given below. 

InIn situ Model 

InIn situ models involve the use of appliances or other devices which create defined 
conditionss in the human mouth that simulate the process of dental caries [Zero, 1995]. 
Enamel/dentinn slices, with or without grooves are used as substrata most frequently. 
Plaquee is formed when carbohydrates are consumed, either experimentally controlled 
orr provided by the subject's normal diet. With this model, comprehensive studies 
havee been carried out to explore the effects of various products, such as fluoride, food 
orr milk products on the demineralization and remineralization processes [Zero, 1995]. 
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Generall  Introduction 

Recently,, in situ models have also been applied to explore the properties of in situ 
biofilms.. The heterogeneous structure of dental plaque was discovered [Wood et al, 
2000]]  and the shifts in dental plaque ecology by antimicrobials were demonstrated 
[Giertsenn et al, 2000]. The advantage of an in situ model is that it mimics the 
conditionss in the mouth. But the disadvantage is that completing an experiment in the 
mouthh increases the biological variation. As Featherstone [1992] pointed out, in situ 
modelss should not be used as an isolated test for studying caries or evaluating 
anticariess mechanisms but used as an intermediate stage between in vitro or animal 
laboratoryy studies and clinical trials. 

Thee most popular in vitro biofilm models in caries studies are the microtiter biofilm 
model,, the flowcell biofilm model and the Constant Depth Film Fermentor. 

Microtite rr  Biofilm Model 

Microtiterr biofilm models make use of 24- or 96- wells polystyrene microtiter plates. 
Dependingg on the purpose of the study, biofilms may be grown on the surface of the 
polystyrenee plates [Loo et al, 2000], in hydroxy apatite (HAP) coated plates [Hazlett 
etet al, 1999], or on hydroxyapatite discs which are placed in the wells [Guggenheim et 
al,al, 2001]. The biofilm formation is evaluated by Gram-staining, fluorescent staining 
orr plating. The microtiter biofilm model is a simple model which can be used as a 
rapidd screening method for biofilm formation. In this model, cross contamination can 
bee avoided since the biofilms grow independently in each well. So far, studies with 
microtiterr models have indicated that the genes involved in cell-to-cell signaling [Li 
etet al, 2002], adherence [Froeliger and Fives-Taylor, 2001], and the regulation of 
fructosee transport [Loo et al, 2003] play a role in biofilm formation. Growth 
conditions,, such as the nutrient supplied, pH, oxygen stress can affect the biofilm 
formation.. It was also shown that caries preventive agents can be tested in this model 
[Shapiroo et al, 2002]. However, one limitation of the model is that it is not practical 
too grow a biofilm for a long term because the medium has to be refreshed at least 
oncee daily manually. Also it is difficult to keep the conditions for biofilm growth 
constantt [Li et al, 2001]. 
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Flowcelll  Biofilm Model 

Inn this model, substratum is placed in a flow reactor and the growth medium is stirred 
orr pumped to create a flow and thereby shear forces over the biofilm surface. The 
biofilmss could grow on bovine enamel discs [Hodgson et al, 2001], microscopy glass 
slidess or glass rods [Blehert et al, 2003]. The flowcell biofilm model is more 
complicatedd in design than the microtiter model. Unlike the microtiter model, the 
growthh conditions can be controlled automatically and the biofilms could therefore 
groww for longer periods. In this model, the genes related to cell-to-cell communication 
[Blehertt et al, 2003] and bacterial adhesion [Rogers et al, 2001] were again found to 
bee involved in the early biofilm formation. Enhanced acid adaptation in biofilms, 
whenn compared to cells in suspension, was observed [Li et al., 2001]. Co-habitation 
amongg species in biofilm was also found, when compared to the results from 
traditionall  culture methods [Palmer et al, 2001]. More important for the study of 
dentall  caries, the effects of sugar on the structure of biofilm and enamel lesion 
formationn underneath the biofilms could be shown in the flowcell model [Hodgson et 
al.,al., 2001]. However, the influence of the biofilms on lesion formation could not be 
studiedd independently, since the enamel discs were not only covered by biofilms but 
theyy were also immersed in a big volume of growth medium that underwent pH 
changes. . 

Constantt  Depth Film Fermentor  (CDFF) 

Amongg in vitro biofilm models, the CDFF 
biofilmm model is probably the most 
complicatedd one. A picture of the CDFF is 
shownn in figure 1. The features of this 
modell  and the studies using this model are 
givenn in detail in the introduction of chapter 

2.. In summary, the advantage of the CDFF 
iss that it contains a large number of 

identicallyy grown biofilms and that it 
simulatess the mouth condition. In particular, 

itt is suitable for long term biofilm studies 
andd for examining biofilms which induce Fig.1. A picture of the 
de-- and remineralization processes in dental Constant Depth Film Fermentor 
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Generall  Introduction 

hardd tissue, since only thin layer of medium covers the biofilm and the substrata 
duringg the growth of the biofilms. 

Biofilmm De- and Remineralization Model 

Cariess is the result of the dissolution of dental hard tissue covered by a biofilm. Acid 
productionn in the dental biofilms shifts the balance between demineralization and 
remineralizationn of dental hard tissue towards demineralization. Under oral conditions, 
cariess formation is a slow process. 

Fluoridee has been proven to be a powerful caries preventive agent. A remarkable 
declinee in caries prevalence has been seen after fluoride was introduced into dentistry 
[Fejerskovv and Baelum, 1998]. The strategy of prevention was therefore changed. 
Currentlyy more attention is being paid to high caries risk groups [ten Cate, 2001]. For 
thosee people, it seemed that fluoride alone, even when given at higher concentrations, 
cann not prevent the occurrence of caries [Featherstone, 2000]. Antimicrobial agents 
mightt be formulated as an alternative or additional product for caries prevention. To 
testt the efficacy of antimicrobials on caries prevention, a biofilm de- and 
remineralizationn model is needed before potential products could be tested in clinical 
studies. . 

Variouss biofilm models proved to be useful to study caries preventive agents on 
biofilmm formation, but the concomitant effects on lesion formation have never been 
testedd [Pratten et al., 1998b; Shapiro et aL, 2002]. Furthermore, in some biofilm 
modelss it was possible to create lesion in enamel or dentin by growing biofilms, but 
thee effects of caries preventive agents were not studied [Noorda et al.y 1986;; Hodgson 
etet ai, 2001]. It is therefore necessary to develop a model which includes the elements 
off  the caries process, the presence of a biofilm and demineralization and 
remineralization,, which processes can be studied simultaneously and in their mutual 
interactions. . 

Chlorhexidinee in Biofilm Studies 

Mechanismm of Chlorhexidine 

Chlorhexidinee is l,6-di(4-chlorophenyl-diguanido) hexane, a cationic bisbiguanide. It 
iss incompatible (such as precipitation) with inorganic anions except in very diluted 
solutionss and is also incompatible with organic anions, such as sodium lauryl sulphate, 
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sodiumm carboxymethyl cellulose, alginates and many pharmaceutical dyes. In certain 
combinations,, there are no obvious signs of incompatibility, but the antimicrobial 
activityy may be significantly reduced because the chlorhexidine is incorporated into 
micelles.. At low concentrations, the action of chlorhexidine is bacteriostatic, and at 
higherr concentrations, it is bactericidal, with the actual levels varying somewhat from 
speciess to species. The sequence of the lethal process is thought to be as follows: 1. 
rapidd attraction toward the bacterial cell; 2. specific and strong adsorption to certain 
phosphate-containingg compounds on the bacterial surface; 3. overcoming the bacterial 
celll  wall exclusion mechanisms; 4. attraction toward the cytoplasmic membrane; 5. 
leakagee of low-molecular weight cytoplasmic components, such as potassium ions, 
andd inhibition of certain membrane-bound enzymes, such as adenosyl triphosphatase; 
6.. precipitation of the cytoplasm by the formation of complexes with phosphated 
entities,, such as adenosine triphosphate and nucleic acids. Until step 5, this process is 
reversible.. The cells could recover viability if the excess of chlorhexidine is removed 
byy a neutralizing agent [Denton, 2000]. 

Chlorhexidinee Studies in Dentistry 

Chlorhexidinee has been widely used in dentistry since it was introduced in the 1970s 
[Emilson,, 1994]. Its popularity in dentistry was not only due to its broad antimicrobial 
spectrum,, which includes Gram-positive and Gram-negative bacteria, but also due to 
itss retention in the mouth, which prolongs its antimicrobial effect [Baca et al, 2003]. 
Soo far, it is considered the "golden standard" for antimicrobial efficacy among 
variouss antimicrobial agents. Clinical studies gave strong evidences that 
chlorhexidinee could significantly reduce the number of salivary and plaque mutans 
streptococci,, but the reduction of caries increment by chlorhexidine is controversial 
[Luoma,, 1991; Gisselsson et al., 1994; van Strijp et al, 1997; Araujo et al, 2002; 
Dasanayakee et al, 2002; de Soet et al, 2002]. Theoretically, the inhibition of caries 
byy an antimicrobial agent could be achieved by inhibition of acid production or by 
inhibitionn of the formation of dental plaque. The clinical results do not seem to 
supportt either hypothesis. To further explore the relation of bacterial number, acid 
productionn and lesion formation, a biofilm model, which is easier to control and has 
lesss variation than clinical trials, might be a good alternative to a clinical study. 
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Generall  Introduction 

Chlorhexidinee Studies in Biofilm Models 

Chlorhexidinee has been studied in various biofilm models. It was shown that the 
minimumm concentration of chlorhexidine required to kill cells in a biofilm was 
considerablyy higher (10 - 100 times) than to kill cells in a suspension, regardless of 
thee bacterial strain tested [Pratten et al, 1998b; Shapiro et al, 2002] or whether the 
cellss were present as single species or multiple species [Kinniment et al, 1996b; 
Prattenn et al, 1998a]. Furthermore, suprastructure of the biofilm on its resistance to 
chlorhexidinee was demonstrated by comparing cells in undisturbed biofilms with cells 
dispersedd from the same biofilms [Millward and Wilson, 1989]. It was also found that 
additionall  factors might control the efficacy of chlorhexidine on biofilms. The nature 
off  the substratum might affect the susceptibility of the biofilms [Pratten et al, 1998b]; 
increasingg biofilm age might increase the chlorhexidine resistance [Millward and 
Wilson,, 1989]; growth condition of a biofilm, such as with or without sucrose, might 
influencee the efficacy of chlorhexidine [Wilson et al, 1998]. Unfortunately, all the 
abovementionedd studies used only bacterial viability as output parameter. No biofilm 
modell  so far has been used to test the effects of agents on the acidogenicity of the 
biofilmm and lesion formation induced by the biofilm. 

Chlorhexidinee and Fluoride 

Thee combination of chlorhexidine and fluoride was suggested in the 1970s [Luoma, 
1972],, There might be two advantages of applying a combination of chlorhexidine 
andd fluoride. First, it was thought that the antimicrobial effect could be enhanced 
whenn chlorhexidine was applied together with fluoride. A few in vitro studies showed 
thatt under certain concentrations, synergistic inhibitions of acid production and 
bacteriall  growth were observed [McDermid et al, 1985]. Second, the protection of 
fluoridee on the teeth might be enhanced by the antimicrobial effect of chlorhexidine. 
However,, in vitro and clinical studies did not convincingly show that the combination 
off  these two agents reduced caries more effectively than when fluoride was given 
alonee [van Loveren et al, 1996; 0gaard et al, 2001]. 

Objectivee of the Thesis 

Thee purpose of this thesis was to develop the Constant Depth Film Fermentor as a 
demineralizationn and remineralization biofilm model and to use this model in 
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examiningg the effects of chlorhexidine and fluoride on both the properties of biofilms 
andd lesion formation. In addition, some factors which might influence the efficacy of 
chlorhexidinee were tested. 

Outlinee of the Thesis 

Inn chapter  2 the potential of the CDFF as a biofilm demineralization model was 
tested.. Streptococcus mutans biofilms were grown on dentin in the CDFF for 3 weeks 
andd the effects of sucrose pulsing frequency in time on the demineralization process 
weree studied. 

Inn chapter  3 the remineralization process in the CDFF was studied. Fluoride and a 
combinationn of fluoride and chlorhexidine treatments were examined for their 
capabilityy to shift the de- and remineralization balance in the CDFF S. mutans biofilm 
model. . 

Inn chapter  4 the CDFF biofilm model, as a caries model, was further studied for its 
applicationn in testing caries preventive agents. Viability, acidogenicity of biofilms and 
lesionn formation in dentin was examined in the CDFF S. mutans biofilm model when 
chlorhexidinee with or without fluoride treatments were given. The effects of cessation 
off  these treatments on the recovery of the biofilms and lesion formation were also 
tested. . 

Inn chapter  5 the influence of the nature of the substratum on the properties of 
biofilmss was studied. S. mutans biofilms were grown in either dentin or polyacrylate 
inn the CDFF. pH profiles of the biofilms after sugar challenge and biofilm 
susceptibilityy to chlorhexidine were measured. 

Inn chapter  6 bacterial cells dispersed from biofilms were compared with those in 
undisturbedd biofilms for their susceptibility to chlorhexidine. The viability and acid 
productionn after sugar challenge were measured. S. mutans biofilms were grown 
eitherr on dentin surfaces or in grooves in dentin specimens to study the role of 
differentt types of surfaces that are present in the oral cavity. 
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Generall  Introduction 

Inn chapter  7 a summary of the studies presented in this thesis is given. The 
advantagess and limitations of the CDFF biofilm model are discussed. Future studies 
withh the CDFF are suggested. 
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Chapte rr  2 

Demineralizationn of Dentin by 

StreptococcusStreptococcus mutans Biofilms Grown in 

thee Constant Depth Film Fermentor 

Thiss chapter has been published as: 
Dengg DM, ten Cate JM: Demineralization of dentin by Streptococcus mutans biofilms 
grownn in the Constant Depth Film Fermentor. Caries Res 2004;38:54-61. 
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Contantt Depth Film Fermentor 
ass a Demineralization Model 

Abstract t 

Too develop a bacterial demineralization model, we studied the growth of 
StreptococcusStreptococcus mutatis biofilms in a Constant Depth Film Fermentor (CDFF) and 
studiedd the effects of sucrose pulsing frequency (SPF) in time on dentin de-
mineralization.. S. mutans biofilms were grown in dentin specimens with grooves and 
onn dentin surface specimens for 20 days. During the experiments, 2% sucrose was 
pulsedd either 4 or 8 times per day for periods of 30 min. Diluted brain-heart infusion 
mediumm containing 25 mAf PIPES buffer and 1.5 mM CaCb was pulsed as the 
alternativee growth medium. Specimens with intact biofilms were taken out on days 5, 
122 and 20. The model was assessed by viable counts of the biofilm, mineral loss and 
lesionn depth in the dentin specimens (by transversal microradiography) and pH 
measurementss in the groove (by pH microelectrode). The results showed that biofilms 
formedd on the dentin surface specimens were constant in viable counts for the low 
SPF,, while this parameter tended to increase with time under the high SPF. Lesions 
withh intact surfaces were formed and the lesion size increased significantly over time 
andd increased significantly with increasing SPF. Typical Stephan curves were found 
afterr sucrose pulsing. The pH inside the groove returned to neutral under low SPF, but 
remainedd below 6.5 under high SPF. With the CDFF S. mutans biofilm model, lesions 
cann be created in dentin within reasonable experimental time periods, as a result of 
thee presence of a biofilm and in response to carbohydrate challenges. 

Introductio n n 

Dentall  plaque contains numerous bacteria that ferment carbohydrates to various 
organicc acids, which dissolve the dental hard tissues. In alternate time periods this 
losss of tissue may be counteracted by a deposition of minerals from saliva 
('remineralization').. The relative magnitude of these two processes determines 
whetherr destruction (caries) or repair occurs. To interfere with the onset or 
progressionn of dental caries, various agents have been developed. These either shift 
thee calcium phosphate balance (the de- and remineralization), or interfere with 
microbiall  growth or metabolism in the dental plaque. Some (e.g. fluorides) have a 
duall  mode of action. 
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Chapterr 2 

Inn the past caries-preventive agents have been tested for their effects on the de-and 
re-mineralizationn balance in bacteria-free models [ten Cate, 1990]. Alternatively, 
antimicrobialss have been screened for their effects on viability and metabolism of 
bacteriaa being present either in a planktonic metabolic state [Jarvinen et al, 1993] or 
recentlyy in biofilm models [Shapiro et al, 2002]. In addition to the aforementioned 
tests,, there is a need for a bacterial-hard tissue model that includes all steps of the 
cariess process (bacterial acid formation, demineralization and remineralization). Such 
aa model should also take into account diffusion processes, retention by the bacterial 
biomasss and the biofilm nature of dental plaque. It should be realistic in terms of de-
andd re-mineralization cycles per day and allow an analysis of various output 
parameters,, which reflect aspects of the caries process. 

Forr this purpose we chose the Constant Depth Film Fermentor (CDFF) for growing 
biofilms.. The CDFF was developed by Coombe et al [1981; 1984] and improved by 
Peterss and Wimpenny [1988]. In the CDFF, the thickness of biofilms can be 
controlledd and after the initial period of its formation the properties of the biofilm are 
relativelyy constant over time [Peters and Wimpenny, 1988]. The removal of 
superficiall  layers of the biofilm by a scraper blade simulates conditions in the mouth 
wheree chewing and tongue movement continuously remove the outermost layers of 
supragingivall  plaque. Also, the growth conditions in the CDFF can be chosen to 
matchh those of the oral cavity, making the CDFF suitable for oral biofilm studies. 
Unlikee in other systems, in the CDFF, large numbers of similar biofilms can be grown 
simultaneouslyy and then subjected to various types of assessment or to subsequent 
experiments. . 

Soo far, CDFF biofilm studies on oral topics have been included: (1) the properties 
off  single or multiple species biofilms grown in the CDFF, in particular the effect of 
differentt growth conditions on the structure of biofilms [Pratten et al, 2000a]; (2) the 
propertiess of biofilms grown on different substrata and the effect of the surface 
roughnesss on the biofilms [Morgan and Wilson, 2001]; (3) the effects of different 
antimicrobiall  and anticaries agents on biofilms [Wilson et al, 1996]; and (4) 
microbiall  microleakage around dental restorations [Matharu et al, 2001]. These 
studiess demonstrated that CDFF biofilms reflect properties that have been published 
forr dental plaque [Bowden and Li, 1997; Wood et al, 2000] and that the CDFF can 
bee used for the initial screening of new antimicrobials under controlled conditions 
[Kinnimentt et al, 1996b; Pratten et al, 2000b]. 
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Contantt Depth Film Fermentor 
ass a Demineralization Model 

Too date no study has shown the potential of CDFF as a biofilm caries model. To 
thiss end, Streptococcus mutans biofilms were grown on dentin in CDFF and were 
studiedd the effects of sucrose pulsing frequency (SPF) in time on the demineralization 
process.. We used dentin smooth surface specimens and dentin groove specimens as 
substrata.. The dentin smooth surface specimen represents sites in the mouth with 
unhinderedd access by food and saliva, for example buccal surfaces. The dentin groove 
specimenss represent plaque retention sites, for example marginal gaps, pits and 
fissures.. Dentin rather than enamel was used as substratum because of its higher 
solubility,, which leads to reduced experimentation times. 

Material ss and Methods 

Constantt  Depth Film Fermentor 

AA CDFF (University of Wales, Cardiff), described by Wilson [1999], was used to 
groww biofilms. The rotating turntable in the CDFF containing 15 polytetra-
fluoroethylenefluoroethylene (PTFE) pans, rotated under PTFE scraper bars that smeared the 
incomingg medium over the 15 pans. Each sampling pan had 5 cylindrical holes (5.0 
mmm in diameter), which contained dentin specimens placed on top of PTFE plugs. 

Preparationn of Specimens 

Dentinn discs (1.5 mm thick and 5 mm diameter) were prepared from freshly obtained 
bovinee incisors. One group (n = 28) of dentin discs was first covered with bonding 
agentt (Scotchbond, multipurpose, 3M), then three parallel grooves were sawn 
perpendicularr to the outer surface with a diamond-coated wire (well type A3-4; W. 
Ebner,, Mannheim, Germany). All grooves were about 330 um wide and 650 um deep 
[Lagerweijj  et ah, 1996a]. The dentin discs with grooves were placed on top of PTFE 
plugs.. The surfaces of these discs were at the same level as the surface of sampling 
pans.. The remaining dentin discs, as dentin smooth surface specimens (n = 18), were 
alsoo placed on top of the PTFE plugs, but recessed to a depth of 300 urn The 
positioningg of the specimens is shown in figure 1. 

Inoculum m 

Thee bacterium used in this study was Streptococcus mutans CI80-2 [De Stoppelaar et 
al,al, 1967]. To prepare the inoculums, S. mutans was first grown on brain-heart 
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Chapterr 2 

infusionn (BHI) agar plates for 3 days, then single colonies were inoculated into 10-ml 
brothss in triplicate and incubated anaerobically at 37°C overnight. The broth 
containedd the same components as the growth medium (described below). 

Dentinn smooth 
surfacee specimen 

PTFEE plug 

Fig.. 1. Positioning of the dentin specimens in a PTFE pan. 

Processedd Saliva 

AA total of 100 ml stimulated whole saliva was obtained from 2 volunteers at least 2 h 
afterr eating, drinking or tooth cleaning. At all times, saliva samples were kept on ice. 
Thee samples were centrifuged (30 min, 4°C, 27,000 g), and the supernatant was 
pasteurizedd (60°C, 30 min), re-centrifuged in sterile bottles and stored at -20°C 
[Guggenheimm et al, 2001]. The efficacy of pasteurization was assessed by plating 
processedd saliva samples onto blood agar plates. After 72 h at 37°C, no colony-
formingg units (CFUs) were observed on either aerobically or anaerobically incubated 
plates. . 

Growthh Medium 

Thee growth medium contained 3.7 g/1 BHI medium (Difco, Laboratories, Detroit, 
Mich.,, USA), 25 mM PIPES buffer (acid form) and 1.5 mMCaCl2; pH was adjusted 
too 7.0 by addition of 5 MKOH. 

PTFEE pan 

Dentinn groove 
specimen n 
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Contantt Depth Film Fermentor 
ass a Demineralization Model 

Inoculationn and Operation of the CDFF 

First,, 100 ml sterile saliva was pumped into the CDFF for 3.5 h to form pellicle on the 
specimenn surfaces. Then, 15 ml S. mutans overnight culture was mixed with 500 ml 
growthh medium and inoculated into the CDFF over a period of 8 h. After 8 h, the 
inoculumm flask was disconnected and sterile growth medium was dripped into the 
systemm by a peristaltic pump (type MS-4/6-100, Ismatec, Zurich, Switzerland) at a 
ratee of 0.5 ml/min, according to the resting flow rate of saliva in healthy individuals 
[Dawes,, 1996]. During the growth period of S. mutans biofilms, 2% (w/v) aqueous 
solutionn of sucrose was pumped into the CDFF for periods of 30 min at the same 
speedd via a second peristaltic pump, while the supply of growth medium was stopped. 
Sucrosee solution was added either 4 or 8 times per day in separate experiments. On 
dayss 5, 12 and 20, PTFE sample pans were taken out with a sterile stainless steel tool. 
Thee dentin specimens were removed aseptically for the determination of biofilm 
viability,, dentin mineral loss and lesion depth. On day 20, the pH inside the grooves 
att different time points was measured. Contamination was checked by plating the 
effluentt medium on blood agar plates during the experiments. 

Assessmentt  of CDFF Biofilm Viabilit y 

Onlyy S. mutans biofilms grown on smooth surface dentin specimens were checked for 
viablee counts because of sampling difficulties in groove specimens. After PTFE 
samplee pans were collected from the CDFF, the plugs were carefully pushed out of 
thee pan with biofilms intact on the surface. Then the specimens were placed into 
sterilee vials containing transport medium (cysteine peptone water). Biofilms were 
removedd from the surface and dispersed by sonicating on ice for 30 s at an amplitude 
off  40 W (Vibra cell™, Sonics & Materials INC, USA) and vortex-mixing for 30 s. 
Afterr serial dilution, aliquots were plated out on the BHI agar plates. The plates were 
incubatedd anaerobically at 37°C for 3 days. 

Assessmentt  of Mineral Loss and Lesion Depth 

Afterr the biofilms were removed, both surface and groove dentin specimens were 
sectionedd and three sections per specimen were radiographed and analysed by 
transversall  microradiography (TMR) [Lagerweij et al, 1996a]. The mineral loss, 
expressedd as integrated mineral loss (IML) , and the lesion depth (LD) were calculated 
(TMRR software 1.25e, Inspektor Research Systems, Amsterdam, The Netherlands). 
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Forr the smooth 'surface' specimens, three scans, perpendicular to the surface, were 
madee at random positions. IML and LD values for each specimen were obtained by 
averagingg corresponding values of scans and sections. For the groove specimens, 
scanss were made of both walls of each groove, at 50 urn ('entrance') and 300 um 
('middle')) from the outer dentin surface and at the deepest part ('bottom') of the 
groove.. IML and LD values at various positions of the groove per specimen were 
averagedd from corresponding values of scans and sections. 

pHH Measurements 

Onn day 20, dentin groove specimens were taken out at different time points: 15 min, 
300 min after sucrose pulsing, 45 min, 4.5 h and 5.5 h after growth medium pulsing 
(sucrosee pulse 4 times/day) or 45 min, 1.5 h and 2.5 h after growth medium pulsing 
(sucrosee pulse 8 times/day). 

Thee pH inside the groove was measured by an H+-selective microelectrode, which 
iss a potentiometric liquid membrane microsensor. The electrode was made of 
borosilicatee glass microcapillaries with a tip of 7-15 jj.m diameter. The tip was filled 
withh combined liquid and polyvinylchloride-gelled membrane with H+ ionophore II 
(Flukaa Chemi, Zwijndrecht, The Netherlands). 

Thee pH measurements were performed in a flowcell containing a dentin specimen. 
Thee microelectrode was positioned inside the groove by XYZ computer-controlled 
microtranslatorss (850G; Newport Corp., France). Fifty millilitres of 1 mM KH2P04 

bufferr (pH 7.0) was pumped through the system at a flow rate of 10 ml/min. The 
Ag/AgCll  reference electrode was placed in the buffer. Both pH microelectrode and 
referencee electrode were connected to an amplifier and a Data Acquisition Card 
(Nationall  Instruments). Software developed in Labview (National Instruments, Austin, 
TX,, USA) was used to acquire data and position the microelectrode. The equipment 
forr pH measurements was described in detail by Zaura et al. [2002]. 

Too start the measurements the pH microelectrode was first positioned at the bottom 
off  the groove, then the pH was measured at 50-um intervals from groove bottom to 
buffer.. The pH of the buffer was 7.0, which served as an indicator of the reliability of 
thee microelectrode. The averaged pH values within 150 um from the bottom and 
withinn 200 urn from the entrance represented the groove bottom pH and groove 
entrancee pH, respectively. The measurements were repeated three times. 
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Statisticall  Analysis 

Alll  statistical analyses were performed with SPSS (version 9.0). The effects of time 
andd sucrose pulsing on S. mutatis biofilm viability were assessed by two-way analysis 
off  variance (ANOVA). The effects of time, sucrose pulsing and scan position in 
dentinn groove specimens on IML and LD were assessed by repeated-measurement 
ANOVA.. IML and LD of dentin surface specimens were compared with those at the 
entrancee of the grooves by one-way ANOVA. 

Results s 

Viabilit yy of S. mutatis Biofilms 

Figuree 2 shows viable counts (after log conversion) of S. mutatis biofilms on dentin 
surfacee specimens at different time points under different SPF. The numbers of S. 
mutansmutans were about 108 CFU/cm2 on day 5 after inoculation. This value remained 
constantt til l the end of the experiment when sucrose was pulsed 4 times per day. 
However,, the viable counts tended to increase when sucrose was pulsed 8 times per 
day.. Compared to SPF 4 times per day, on day 20 viable counts were significantly 
higherr under SPF 8 times per day. 

Minerall  Loss and Lesion Depth 

Fivee days after inoculation, lesions had developed along the dentin groove wall and in 
thee dentin surface. The lesions did not show surface loss or erosion. Figure 3 shows 
lesionss formed after various time periods in groove and surface specimens under 
differentt SPF. Figure 4A gives the IML values at various time points and under 
differentt SPF. The corresponding data for LD are given in figure 4B. 

Irrespectivee of the age of the biofilm and the SPF, IML values generally decreased 
significantlyy from the entrance of the groove towards the bottom. A similar finding 
wass made for LD. IML and LD at the entrance of the grooves were always 
significantlyy higher than in the surface specimens. 

IMLL and LD increased significantly over time both in grooves and in surface 
specimens.. Repeated-measurement ANOVA showed a significant interaction between 
thee lesion positions in the grooves and time (p < 0.001), This indicated that IML and 
LDD at various depths increased at different speeds. 
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DD sucrose 4 times 

 sucrose 8 times 

days s 

Fig.. 2. S. mutans viable counts (log conversion) on the dentin surface at different time 
pointss and under different SPFs. Significant difference between the two groups: 
*p<0.05(nn = 3) 

44 times sucrose/day 88 times sucrose/day 

Fig.. 3. Microradiograms of subsurface lesions in the wall of the grooves (top row) 
andd on the surface (bottom row) on day 5 and day 20 under different SPFs. For the 
groove,, the wall lesions were scanned at three depths: 50 urn and 300 u.m from the 
outerr dentin surface, and at the base of the groove. 
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Fig.. 4. Integrated mineral 

losss (A) and lesion depth 

(B)) over time and with 

increasingg SPF. Groove 

entrance:: 50 \xm from 

dentinn surface; groove 

middle:: 300 urn from 

dentinn surface; groove 

bottom:: the deepest part 

off  the groove. Groove 

specimens:: day 5, day 12, 

nn = 4 per SPF; day 20, 

nn = 6 per SPF; Surface 

specimens:: day 5, 12, 20, 

nn = 3 per SPF. 

Al ll  values in the grooves 

exceptt those marked # 

weree significantly dif-

ferentt among the entrance, 

middlee and bottom. 

IMLL and LD were also shown to increase significantly with increasing SPF in both 

specimens.. But significant interactions between the lesion position in the groove and 

SPFF was only found for the IML value. 

Too further analyse this finding the rates of change of IML and LD per day (denoted 

ass AIML and ALD) were calculated for the four scan positions and the two SPFs 

(tablee 1). These data showed no significant deviation from a linear pattern of AIM L 

withh time for the entrance and middle of the groove position. In the bottom of the 

groovee the value of AIM L decreased with time for both SPF. This indicates that, 

unlikee at the entrance and middle of the groove, lesion size does not increase linearly 
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withh time for the bottom of the groove. In the surface specimens a lag phase in AIML 
wass observed, which would indicate that in the early phase of the experiment the 
surfacee biofilm caused less demineralization than later. The ALD generally decreased 
withh time, except for the surface specimens. Doubling the SPF resulted in a two- to 
threefoldd increase in both AIML and ALD. 

Tablee 1. Change in integrated mineral loss (A IML) and in lesion depth (ALD) for the 
experimentall  conditions studied. 

Sucrose e 

times/day y 

AIMLL vol% 
4 4 

8 8 

ALDD ^im 
4 4 

8 8 

Days s 

 |im 
5 5 

12 2 
20 0 

5 5 
12 2 
20 0 

5 5 
12 2 
20 0 

5 5 
12 2 
20 0 

Groovee specimen 

entrance e 

189 9 
184 4 
167 7 

414 4 
472 2 
430 0 

7.0 0 
6.8 8 
5.6 6 

13.3 3 
14.6 6 
12.0 0 

middle e 

164 4 
134 4 
136 6 

396 6 
408 8 
380 0 

7.0 0 
6.3 3 
5.2 2 

13.3 3 
14.3 3 
11.4 4 

bottom m 

147 7 
86 6 
79 9 

363 3 
302 2 
281 1 

6.9 9 
5.4 4 
4.3 3 

13.1 1 
12.9 9 
10.5 5 

Surface e 

specimen n 

74 4 
119 9 
112 2 

183 3 
353 3 
360 360 

3.7 7 
5.0 0 
4.3 3 

6.6 6 
12.5 5 
10.7 7 

pHH Measurements 

Figuree 5 shows pH at the entrance and at the bottom of the grooves at various time 
pointss during the cycles of sucrose pulsing followed by medium pulsing; 2% sucrose 
pulsingg resulted in typical, though prolonged 'Stephan curves'. We note that the 
mediumm pulsing lasted 150 and 330 min for the 8 and 4 times sucrose pulse per day 
schemes,, respectively. Under the low sucrose frequency, pH at the bottom of the 
groovee returned to 7 at least 1 h before the new cycle started; while under the high 
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sucrosee frequency, pH throughout the groove was still below 6.5 when the new 

sucrosee pulse started. 

DD Groove entance  Groove bottom 

Fig.. 5. pH inside dentin grooves 
overr time under different SPFs on 
dayy 20. A 4 times sucrose /day. 
BB 8 times sucrose /day (n = 2). 
Blankk bar refers to the periods of 
sucrosee pulsing. Dashed lines are 
interpolations. . 

2000 300 
Timee (min) 

400 0 

2000 300 
Timee (min) 

Discussion n 

Previouss in vitro biofilm studies, using enamel or dentin smooth surface specimens as 
substrata,, showed the formation of typical subsurface lesions [Hodgson et al, 2001; 
Noordaa et al, 1986]. An increase in enamel lesion depth during a 3-week experiment 
periodd was reported, when S. mutans was inoculated into an artificial mouth system 
[Noordaa et al, 1986]. In our study, similar phenomena were found both in dentin 
smoothh surfaces and in dentin groove specimens. Moreover, we found that the lesion 
sizee decreased from the entrance towards the bottom in dentin grooves, which was 
similarr to what was found in a non-bacterial in vitro demineralization groove model 
[Lagerweijj  et al, 1996a] and to the demineralization patterns observed in fissures in 
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vivovivo [Ekstrand and Bjerndal, 1997]. The reason why bigger lesions were always 
foundd at the entrance of the groove might be that there were fewer vital bacteria at the 
bottomm of the groove. Also, densely packed cells and extracellular polysaccharides 
mightt form a barrier. This could slow down diffusion of nutrients and acid into the 
deeperr parts or diffusion of mineral ions out of the groove [Dibdin et al, 1983]. 
Alternatively,, nutrients may be consumed by bacteria in the upper layers and not 
reachh the bottom of the groove. In a parallel study, we examined the biofilm structure 
insidee the groove by confocal laser scanning microscopy and observed that biofllms 
initiallyy formed mainly in the upper part of the groove, but gradually filled the entire 
groovee (data not shown). 

Anotherr interesting finding from this study is that IML and LD values of dentin 
surfacee specimens were always lower than the corresponding values at the groove 
entrance.. We assume that this is caused by differences between the respective sites in 
biofilmm formation and access to sugars and the growth medium, while the clearance of 
acidss formed at the sites might also differ. 

Regardingg the mechanism of lesion formation, Arends et al. [1992] concluded that 
enamell  demineralization in situ followed first order kinetics of mineral loss (IML) , in 
contrastt to demineralization in vitro, which was reported to follow second or third 
orderr kinetics [Christoffersen and Arends, 1982; Featherstone and Mellberg, 1981]. 
Dataa from the current study (table 1) essentially also showed a linear relationship 
betweenn mineral loss and time, which would indicate that demineralization kinetics in 
thiss biofilm model are similar to those in vivo. 

Comparingg the rates of dentin mineral loss from the current study with data from in 
situsitu studies [0gaard et al., 1988], we found that for dentin surface specimens, with 4 
sucrosee pulses per day, the mineral loss in this biofilm model was of the same 
magnitudee as for dentin in situ. This would imply that also in terms of severity of 
cariess attack rate the conditions of this biofilm model mimic in vivo caries. 

Clinicall  and animal studies have demonstrated a positive correlation between the 
frequencyfrequency of carbohydrate consumption and the development of dental caries [König, 
1969].. Most of these findings were from the pre-fluoride era. Recently, Duggal et al. 
[2001]]  found that the mineral loss in an in situ study significantly increased with 
increasedd sucrose frequency, both when subjects used fluoride or non-fluoride 
toothpaste.. Hodgson et al. [2001] studied the effects of sucrose pulsing on enamel 
demineralizationn in an in vitro biofilm model. Significantly higher IML values and 
lesionn depths were found in the 50 mM sucrose treatment group, compared to the 
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waterr and the 10 mM sucrose treatment groups. In our study, we tested the effects of 
twoo different SPF on demineralization, and a similar positive correlation was found. 
So,, the CDFF biofilm model, when carefully designed regarding SPF, is a sensitive 
modell  to study demineralization induced by bacteria. 

Time/pHH measurements on the last day of the experiment indicated that during the 
experimentall  period, pH inside the groove was below 6.5 most of the time under high 
SPF.. However, it reached pH 7 at least 4 h per day under low SPF. During this period 
off  neutral pH, remineralization could take place if the medium is well formulated in 
termss of its mineral constituents. In the current study this was achieved by the 
additionn of buffer and calcium to the growth medium. On this point we note that in 
mostt artificial mouth systems or biofilm models the pH was either in the pH 4-5 range 
continuouslyy or cycling between pH values well below the critical pH for dissolution 
[Hodgsonn et al., 2001], or never fell below 6.5 [Guggenheim et al, 2001]. This would 
makee such models unrealistic compared with the in vivo plaque simulation. 

Inn this study, single-species S. mutans biofilms were grown in CDFF. When 
growingg multiple-species biofilms in the CDFF, Kinniment et al. [1996a] reported 
significantt variations among experiments even though the bacterial compositions 
reachedd steady state. They concluded that it was difficult to replicate the biofilm 
communityy exactly. It was our purpose to test the system as a suitable and reliable 
cariess model. We therefore chose single-species inoculation to reduce the variation. 
Moreover,, Shu et al. [2000] showed dentin lesions formed under a single-species and 
consortiumm biofilm to be essentially comparable. 

Inn conclusion, the current CDFF biofilm model may be used as a de- and 
remineralizationn model involving bacteria, in which the effects of anticaries agents, 
thee efficacy of which could be pH-dependent, may be studied. Considering the 
demonstratedd effect of SPF on caries formation it could also be used for studies of 
otherr cariogenic substances. 
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Thiss chapter was submitted for publication. 
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Abstract t 

Remineralizationn of Dentin 
Underneathh the Biofilms 

Thee aim was to study remineralization in dentin underneath a biofilm. This was done 
inn a Constant Depth Film Fermentor (CDFF) which was modified so that two 
treatmentss can be applied simultaneously in one experiment. Forty-five Streptococcus 
mutansmutans biofilms were grown in grooves in dentin. Growth medium (3.7 g/L BHI, 1.5 
mMmM calcium and 25 mM PIPES) was administrated alternately with 2% sucrose 
pulsingg 4 x 30 min/day. Fluoride at 135 ppm as NaF only or in a mixture with 0.2% 
chlorhexidinee was applied 2 x 5 min/day. The treatments started 5 days after 
inoculationn and lasted 15 days. Five specimens per group were removed at various 
timee points. The biofilms were checked for viability (by plating) and acid content (by 
capillaryy electrophoresis). The dentin specimens were analyzed for mineral loss and 
lesionn depth by transversal microradiography. Fluoride treatment had no effect on the 
viability,, but reduced lactic acid production by 75%. The mixture treatment reduced 
thee viability by 80% and the lactic acid content by 93% in the first day and later 
reducedd the two parameters to below the detection limit. Significant differences in 
changess in mineral loss and lesion depth were observed between the treatment groups. 
Partiall  remineralization but deeper lesions were observed in fluoride group, while 
nearlyy complete remineralization was seen in mixture group. In conclusion, the CDFF 
S.S. mutans biofilm model can be used as a de- and remineralization biofilm model and 
thee split model is particularly suitable for testing caries-preventive agents. 

Introductio n n 

Itt has been shown that bacterial cells in biofilms are more resistant to antimicrobials 
thann bacterial cells in suspensions [Costerton et al., 1999; Wilson et al, 1996]. A 
numberr of biofilm models has been developed to assess the killing of caries 
pathogenicc bacteria by caries-preventive agents [Pratten and Wilson, 1999; Shapiro et 
al,al, 2002]. Equally important it is to simultaneously study the resulting effect on the 
underlyingg dental tissues, in which caries forms. Until now no biofilm model has 
convincinglyy addressed the effects of caries-preventive agents on demineralization 
andd remineralization of dental hard tissue. 
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Thee Constant Depth Film Fermentor (CDFF) has been used to study the efficacy of 
antimicrobialss on biofilm cells [Kinniment et al., 1996b; Pratten et al, 2000b]. 
Demineralizationn was also studied in this model [Deng and ten Cate, 2004], but 
remineralizationn has not been investigated in a CDFF biofilm model yet. 

Remineralizationn of caries lesions has been studied over decades, but primarily in 
purelyy inorganic solutions, supersaturated with respect to hydroxyapatite [Arends et 
ai,ai, 1989; ten Cate et al, 1995]. In those studies fluoride enhanced remineralization. 
Thee inclusion of salivary components or bacterial metabolites gave contradictory 
resultss on enamel remineralization. On one hand, microbial deposits on enamel were 
shownn to promote remineralization [Hardie et al, 1971]. On the other hand, salivary 
pelliclee proteins or plaque could block the surface zone of enamel and restricted the 
diffusionn of remineralising ions [Robinson et al, 1990]. Therefore, it is of interest to 
studyy remineralization underneath a biofilm. 

Thee purpose of this investigation was to test the CDFF biofilm model for 
remineralizationn when the growth medium contained calcium and phosphate as in 
traditionall  remineralization solutions. More specifically, it was studied whether 
fluoridee or a combination fluoride and chlorhexidine treatment shifts the de- and 
remineralizationn balance in a biofilm caries model. To this end, Streptococcus mutatis 
biofilmss were grown in grooves in bovine dentin specimens in the CDFF. In order to 
testt the treatment of fluoride only and the combination of fluoride and chlorhexidine 
underr similar conditions, the CDFF apparatus was modified into a split model to 
alloww two treatments to bee tested in the same experiment. 

Material ss and Methods 

Splitt  Constant Depth Film Fermentor 

AA Constant Depth Film Fermentor (CDFF) (University of Wales, Cardiff), described 
byy Wilson [1999] was used to grow biofilms after modification. The drive shaft of the 
CDFFF was controlled by micro-switches to allow the turntable not only to rotate 360° 
(ass originally designed), but also to oscillate over 180°, splitting the CDFF into two 
independentt sides. Each side has its own delivery ports and own polytetra-
fluoroethylenefluoroethylene (PTFE) scraper bar to scrape the liquid over the specimens. In this way, 
differentt treatments can be applied to the two sides. When it rotates 360°, the rotating 
turntablee can contain 15 PTFE pans. However, when it oscillates over 180°, only 11 
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pans,, 5 in one and 6 in the other side, can 
bee included in order to avoid carry-over. 
Thee position of the pans in the turntable 
iss shown in figure 1. Each sampling pan 
hass 5 cylindrical holes (5.0 mm in 
diameter),, where dentin specimens were 
placedd on top of PTFE plugs. The split 
CDFFF modification was evaluated 
beforehand.. It was concluded that similar 
biofilmss were formed at either side when 
identicall  treatments were given and that 
theree was no carry-over between the two 
sides. . 

Preparationn of Specimens 

Forty-fivee coronal dentin discs (1.5 mm thick and 5 mm diameter) were prepared 
fromm freshly obtained bovine incisors. The discs were first covered with bonding 
agentt (Scotchbond, multi purpose, 3M), then three parallel grooves (330 um wide and 
6500 urn deep) were sawn perpendicular to the outer surface with a diamond coated 
wiree (Well type A3-4; W. Ebner, Mannheim, Germany) [Lagerweij et al, 1996a]. 
Thiss cutting resulted in a random orientation of dentin tubules with respect to the 
groove.. Previously our group demonstrated that the direction of the tubules has no 
effectt on demineralization [Lagerweij et al, 1996b; 1997]. The surfaces of the dentin 
discss were placed flush with the surface of PTFE pans. During the experiment, 
biofilmss were grown in the grooves. Per specimen, the biofilms in one groove were 
subjectedd to viability assessment and the biofilms in the other two grooves were 
pooledd for acid measurements. 

Inoculationn and Operation of the CDFF 

Beforee the start of the experiment, the CDFF was assembled with all dentin 
specimenss and autoclaved at 121°C for 30 min. 

Too inoculate the CDFF, 100 ml sterile human saliva was pumped into the CDFF for 
3.55 h to form pellicle on the specimen surfaces. Then, 15 ml of an overnight culture of 
StreptococcusStreptococcus mutans CI80-2 [De Stoppelaar et al, 1967] was mixed with 500 ml 
growthh medium and inoculated into the CDFF for 8 h. After 8 h, the inoculum flask 

Splitt mode 

Fig.. 1. A picture of the split turntable 
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wass disconnected. The sterile growth medium or 2% (w/v) sucrose solution was 
drippedd into the system alternately by a peristaltic pump (Type MS-4/6-100, Ismatec, 
Zurich,, Switzerland) at a rate of 0.5 ml/min. The sucrose was applied 4 times per day 
forr periods of 30 min. The growth medium contained 3.7 g/L BHI medium (Difco, 
Laboratories,, Detroit, Michigan, USA) containing 0.9 mM phosphate, 1.5 mMCaCl2 
andd 25 mM PIPES buffer. pH was adjusted to 7.0 by the addition of 5 M KOH. The 
overalll  procedure in this section was described in detail by Deng and ten Cate [2004]. 

Thee Regime of the Treatments 

Duringg the first 5 days after inoculation, the turntable rotated 360° and no treatments 
weree given. 

Thee treatments, 135 ppm fluoride solution (as NaF) or a mixed solution of 135 ppm 
fluoridee (as NaF) and 0.2% chlorhexidine digluconate, was pulsed from day 6 until 
dayy 20 at each side, respectively, while the turntable oscillated over 180°. The 
treatmentss were applied twice daily for 5 minutes at a rate of 1 ml/min, while the 
supplyy of growth medium (or sucrose) were stopped. These applications were always 
givenn immediately after a sucrose pulse. At days 5, 7, 9, 12 and 20, one sample pan 
fromm each group was removed from the CDFF immediately after a 30-min sucrose 
pulse,, which was 360 min after treatments. The diagram of the regime of the 
treatmentss is given in figure 2. 

Alll  sample pans were taken out with a sterile stainless steel tool. The dentin 
specimenss were removed aseptically from the pans for the determination of viability 
andd acid content in the biofilm and mineral loss and lesion depth in the underlying 
dentinn specimens. 

Turningg mode 
off the turntable 

Experimental l 
periodd (days) 

O O 
noo treatments 

Cvv  F+CHX 

treatments s 

 I I I 

12 2 20 0 

Fig.. 2. A diagram of the treatment regime. F refers to 135 ppm Fand F + CHX refers 
too 135 ppm F" + 0.2% chlorhexidine.  refers to sampling days. 
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Assessmentt  of CDFF Biofilm Viabilit y 

Biofilmss were removed by repeated scraping with 3 consecutive sterile paper points 
(sizee #20, QDENT; NDO Leeflang, the Netherlands). This method was discussed in 
detaill  by Deng et al. [2004a]. All three paper points were placed into a sterile vial 
containingg 1ml Cysteine Peptone Water solution (5 g yeast extract, 1 g peptone, 8.5 g 
NaCl,, 0.5 g L-cysteine hydrochloride and 100 ml glycerol per liter, adjusted to 
pHH 7.3). Samples were dispersed by sonication on ice for 30 s at the amplitude of 40 
WW (Vibra cell™, Sonics & Materials INC, USA). Serially diluted samples were 
platedd onto BHI agar. The plates were incubated anaerobically at 37°C for 3 days. 

Assessmentt  of Acid Content 

Forr the acid content analysis the biofilms were removed by paper points in the 
abovementionedd way and transferred into vials containing 50 ul Milli- Q water on ice. 
Thee vials were placed in water bath at 80°C for 5 minutes and centrifuged for 15 min 
att 13,000 rpm at 4°C (Heraeus centrifuge, Dijkstra bv, the Netherlands). The 
supernatantss were analyzed for organic acids by capillary electrophoresis. The pellets 
weree determined for protein content by Bradford's method. Details were described by 
Damenn et al. [2002]. 

Assessmentt  of Integrated Mineral Loss and Lesion Depth 

Afterr the biofilms were removed, dentin specimens were sectioned and three sections 
perr specimen were radiographed moist and analyzed with the transversal 
microradiographyy (TMR) procedure [Lagerweij et al, 1996a]. Scans were made of 
bothh walls of each groove at 50 urn ('entrance') from the surface and 150 urn from 
thee deepest part ('bottom') of the groove. The mineral loss, expressed as integrated 
minerall  loss (IML) and lesion depth (LD) were calculated (TMR software 1.25e, 
Inspektorr Research Systems, Amsterdam, The Netherlands). 

Statisticc Analysis 

Alll  statistical analyses were performed with SPSS (Version 9.0). The effects of 
variouss treatments and the time points of sampling on viability, acid content, IML and 
LDD were analyzed by two-way ANOVA. When the position of the scan in the groove 
walll  was included as parameter, the data were analyzed by repeated-measurement 
ANOVA.. In addition, IML and LD values during the treatments were compared to the 
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valuess on day 5, within respective scan position and treatment group, by one-way 
ANOVA.. The post hoc test was Student-Newman-Keuls if the data were equally 
distributedd and Tukey if the data were not equally distributed. 

Results s 

Viabilit yy of Biofilms under  Different Treatments 

Figuree 3 shows the number of viable cells in the dentin grooves. Five days after 
inoculation,, the number of viable cells reached 7.9  4.8 x 107 (s.d) CFU/groove. The 
viabilityy of the cells was not affected by twice daily pulsing with 135 ppm F" and 
remainedd constant throughout the experimental period. However, the mixture 
treatmentt significantly reduced the number of viable cells by 80% after the first day 
andd to under the detection limit (0.01% of the original values) from the third day till 
thee end of the experiment. 

Fig.. 3. The effect of 135 ppm F" 
(x)) or the combination of 135 ppm 
F""  and 0.2% chlorhexidine (D) on 
thee viability of S. mutans biofilms 
grownn in dentin grooves. N = 5 
forr each data point. The dark line 
showss the detection limit. 

Acidd Production of Biofilms under  Different Treatments 

Afterr 30-min sucrose pulse in the CDFF, various organic acids were produced in the 
biofilms.. Traces of acetic acid, formic acid and propionic acid were found. Only the 
dataa of the predominant lactic acid are presented here (Figure 4). Five days after 
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inoculation,, the lactic acid produced after sucrose pulse was 11.9  2.2 nmol acid/ug 
protein.. After three days of fluoride treatment, lactic acid content was reduced by 
75%% and then remained at this level until the end of the experiment. In the mixture 
group,, the reduction was already up to 93% after one day treatment. The amount of 
lacticc acid was further decreased to below the detection limit in the next days. The 
detectionn limit was 0.21 nmol acid/ ĝ protein. 

Fig.. 4. The effect of 135 ppm F" 
(x)) or the combination of 135 
ppmm F" and 0.2% chlorhexidine 
(o)) on the lactic acid production 
off  S. mutans biofilms grown in 
dentinn grooves. The acid contents 
weree measured after 30-min 2% 
sucrosee pulse. N = 5 for each 
dataa point. The detection limit 
wass 0.21 nmol acid/ug protein. 

treatments s 

Lesionn Formation in Dentin Grooves under  Different Treatments 

Inn figure 5, images of lesions from representative specimens in each group are shown. 
Figuree 6 gives the average mineral profiles of the dentin samples in each group on 
dayss 5, 12 and 20. The profiles at the entrance and at the bottom of the dentin grooves 
aree presented separately. 

Inn a separate experiment, S. mutans biofilms were grown under the same condition 
ass in current study, except sterilized Milli- Q water instead of treatment solutions was 
appliedd twice daily. Lesion formation in dentin grooves was measured on days 5, 12 
andd 20. The data from the water group are included in the figures for comparison. 

Onn day 5, subsurface lesions had been formed along the walls of the grooves. In the 
waterr group, the lesion size increased significantly throughout the groove over time. 
Thee increase at the entrance was significantly greater than at the bottom. In the 
fluoridefluoride group, laminations were found in the lesion on day 12. The original lesion 
wass partly remineralized but in depth followed by a second lesion body. On day 20 
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bothh remineralization and this second lesion body were more pronounced. The second 
lesionn body was significantly larger at the bottom of the groove than at the entrance, 
irrespectivee of the time of assessment. In the mixture group, there was partial 
remineralizationn in the body of the lesion and slight demineralization at the front of 
thee lesion on day 12. Again, the newly demineralized zone was bigger at the bottom 
thann at the entrance. On day 20, complete remineralization was seen throughout the 
dentinn grooves. 

IMLL and LD values were calculated from the profiles (Table 1). The values on day 
200 were compared to those on day 5. In water group, both IML and LD value 
increasedd significantly. After fluoride treatment, the IML value did not change at the 
entrance,, but increased significantly at the bottom of the grooves. The LD values 
increasedd irrespective of the scan position in the grooves. After the mixture treatment, 
thee IML values decreased throughout the grooves; the LD values tended to decrease 
att the entrance but did not change at the bottom of the grooves. 

Dayy 5 Dayy 12 Dayy 20 

"IT T 
lesio nn body ^ l ^ ^ H P 

Fig.. 5. Microradiograms of lesions formed in the wall of the dentin grooves in dif-
ferentt treatment groups on days 5, 12 and 20. A: water group; B:135 ppm F group; C: 
1355 ppm F + 0.2% chlorhexidine group. 
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Groovee entrance Groovee bottom 

dayy  5 
dayy  1 2 
dayy  2 0 

255 5 0 7 5 10 0 12 5 15 0 17 5 20 0 0  2 5 5 0 7 5 10 0 12 5 15 0 17 5 20 0 

dept hh (urn ) 

Fig.. 6. The average mineral profiles of dentin on days 5, 12, 20. A: water group; B: 
1355 ppm F" group; C: 135 ppm F" + 0.2% chlorhexidine group. All treatments started 
onn day 6. Figures in the left column are from the groove entrance; figures in the right 
columnn are from the groove bottom. Groove entrance refers to the position at 50 urn 
fromm the surface of the groove; groove bottom refers to 150 urn from the deepest part 
off  the groove (N = 5). 
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Discussion n 

Onee of the advantages of the CDFF is that it gives good reproducibility in the 
propertiess of the 75 biofilms grown within one CDFF experiment [Peters and 
Wimpenny,, 1988]. This reproducibility is achieved by growing the biofilm at a 
constantt depth. However, the reproducibility among CDFF experiments has been 
questioned.. Kinnement et al. [1996a] reported a significant variation in bacterial 
compositionn among experiments when multi-species biofilms were grown in the 
CDFF.. In the two experiments reported in our study, we observed a good 
reproducibilityy in the viability when single-species biofilms were grown under 
identicall  conditions. A small, though significant, difference in LD value was found. 
Wee suggest that biofilm parameters should be studied after at least a five days lead-in 
periodd under constant conditions when separate experiments are to be compared. 

Too achieve a better comparison, we modified the CDFF into a split model to allow 
twoo different treatments be given during one experiment. Various tests were carried 
outt to validate the split model design (data not shown). Firstly, similar lesions were 
formedd at different locations of the turntable run in full rotation mode, which ensured 
similarr baseline values at both sides when the oscillating mode was started. Secondly, 
similarr lesions were formed on both sides when the biofilms at the two sides were 
grownn under the same condition. Thirdly, the oscillating mode did not show carry-
overr between the two sides. Therefore the split model seems preferable for studying 
antimicrobiall  treatments in a CDFF biofilm model. 

Withh the split CDFF model, the effects of 0.2% chlorhexidine, combined with 
fluoride,, on S. mutatis biofilms and dentin were demonstrated. The majority of 
biofilmm cells was killed by the chlorhexidine treatment and acid production was 
stopped.. As a result the pre-formed lesions were completely remineralized in two 
weeks.. Fluoride only did not stop the acid production and the lesions progressed 
furtherr into the dentin while the original lesion was only partly remineralized. A 
laminationn of the lesion appearing under fluoride treatment was also observed in in 
vitrovitro [Mukai et al, 2001] and in in situ studies [Nyvad et al, 1997]. 

Too our knowledge, remineralization has not been shown in any in vitro biofilm 
model.. It had been suggested that proteins from salivary pellicle or plaque prevent the 
depositionn of mineral on the surface of the teeth [Moreno and Zahradnik, 1979] or 
blockk the surface zone of enamel and restrict the ingress of remineralising ions 
[Robinsonn et al, 1990]. Our data showed that it was possible to remineralize a lesion 
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formedd after salivary coating and underneath the biofilms. Zahradnik et al [1978] 
foundd that prolonged salivary pellicle formation influenced the process of enamel 
demineralization.. In our study, saliva was pumped into the CDFF for 3.5 h. It would 
bee interesting to study a time dependency of pellicle formation on remineralization in 
thiss biofilm model. 

Inn this study, the second lesion body after fluoride treatment was considerably 
largerr at the bottom than at the entrance of the groove. We assume that most of 
fluoridee might be entrapped in the dentinal crystallites at the entrance of the groove, 
whichh might result in less fluoride diffusing to the bottom. Several pH-cycling 
experimentss carried out in our lab showed that when the acid attack was constant, the 
sizee of the second lesion body increased with decreasing amounts of fluoride (data 
unpublished).. It is also possible that fluoride induced inhibition of demineralization at 
thee entrance led to less acid being neutralized at the entrance. Consequently acids 
wouldd diffuse deeper into the groove and higher amounts of acid would be present at 
thee bottom of the groove. When the biofilms were treated by the mixture of fluoride 
andd chlorhexidine, no second lesion body was observed. However, during the first 
weekk of the treatment, further lesion progression was found at the bottom of the 
groove.. This finding implies that chlorhexidine is less effective at bottom, possibly 
becausee it is absorbed by the biofilm cells or matrix at the groove entrance. Moreover, 
moree cells might be killed by chlorhexidine or fluoride at the entrance than at the 
bottomm of the groove. This change of viability distribution might also influence the 
diffusionn of sugar and its conversion to acids. 

Fluoridee is known for its antimicrobial activity. A pre-experiment showed that the 
minimumm inhibitory concentration of sodium fluoride against S. mutans CI80-2 in 
suspensionn was 80 ppm F". Since bacterial cells in biofilm have been shown to be 
moree resistant to antimicrobials than those in suspension [Costerton et al, 1999; 
Wilsonn et al, 1996], a higher amount of NaF (135 ppm F") was used for this study. 
Underr this concentration, no effect of fluoride on viability was observed. However, a 
decreasee in acid formation was found after fluoride treatment, which was not 
predictedd from the viability data. A similar phenomenon was reported by McDermid 
etet al [1985]. In their study, the small change in viability also could not account for 
thee observed large inhibition of acid production after fluoride treatment. 

Inn conclusion, our study shows that the CDFF biofilm model can be used as a de-
andd remineralization biofilm model and that the split mode of running the CDFF is 
feasiblee for studying caries-preventive agents. 
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Abstract t 

Caries-preventivee agents were studied for their effects on biofilms and caries 
developmentt in dentin. To this end, Streptococcus mutans biofilms were grown in 
dentinn grooves in the Constant Depth Film Fermentor (CDFF) split model for 20 days. 
Growthh medium and 30 min 2% sucrose were pulsed 4 times/day alternately. 
Betweenn days 6 and 12, 0.05% chlorhexidine only or combined with 135 ppm 
fluoridefluoride was pulsed 2 x5 min/day to either side of the CDFF, respectively. Samples 
weree removed from the CDFF at various days. The biofilms were assessed for 
viabilityy (by plating) and acidogenicity (by capillary electrophoresis). The dentin 
specimenss were analyzed for mineral loss and lesion depth by transversal 
microradiography.. The results showed that viability and lactic acid production of 
biofilmm cells decreased during the treatments and recovered when the treatments were 
discontinued,, although this recovery took at least 4 days to start. The profiles of these 
parameterss were similar between the two treatment groups during the experiment. 
Lesionn formation in the dentin grooves did not change consistently with the change in 
viabilityy and lactic acid production, particularly in the chlorhexidine only group: 
whenn given the treatments the lesion size still increased. The addition of fluoride to 
thee antimicrobial treatments resulted in remineralization at the entrance of the grooves 
butt not at the bottom. In conclusion, this study showed that the CDFF biofilm model 
iss suitable to investigate the effects of antimicrobial agents on viability and 
acidogenicityy of the biofilms and the resultant caries development in dentin. 

Introductio n n 

Chlorhexidinee has been widely used as an antimicrobial agent since it was first 
introducedd in dentistry thirty years ago [Emilson, 1994]. As a cation agent, it binds to 
negativelyy charged bacterial cell walls and thereby disrupts membrane integrity. At 
loww concentrations, the action of chlorhexidine is bacteriostatic, and at higher 
concentrationss it is bactericidal [Denton, 2000]. Being tested in bacterial suspensions, 
chlorhexidinee was found to have a broad spectrum antibacterial activity. In particular, 
itt was effective against the highly cariogenic microorganism Streptococcus mutans 
[Emilson,, 1977]. The range of minimum inhibitory concentration of chlorhexidine 
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wass 0.0001% - 0.002% [Sreenivasan and Gaffar, 2002]. Since the properties of 
bacteriall  cells in biofilms were shown to be different from those in suspensions 
[Costertonn et al, 1995], chlorhexidine effects were also studied in biofilm models. 
Thesee results indicated that biofilm cells were 10 to 100 times more resistant to 
chlorhexidinee than planktonic cells [Gilbert et al, 1998; Kinniment et al, 1996b]. 
Moreover,, one study showed that the viability of Streptococcus sanguis biofilm was 
onlyy 2 log units reduced one day after 0.05% or 0.2% chlorhexidine treatment and 
graduallyy recovered although the treatment continued [Pratten et al, 1998a]. Given 
thesee discrepancies, it is important to further study the efficacy of antimicrobials on 
biofilmm cells. Caries is a process involving acid production in the biofilms and lesion 
formationn in the dental hard tissue. However, in none of the biofilm studies acid 
productionn in the biofilms or lesion formation has been measured. 

Likee chlorhexidine, fluoride has antimicrobial properties. The mechanism of action 
off  these two agents is different. The former functions by attaching to cell walls and 
thee latter by diffusion as HF into the cell, resulting in acidification of the cell interior 
andd inhibition of various enzymes [ten Cate and van Loveren, 1999]. Combination of 
thee mechanism of the two antimicrobial agents is expected to make the agents more 
effectivee than either alone. Studies with bacterial cell suspensions did show that the 
combinationn treatment could further reduce the acid production and inhibit the growth 
off  the cells [McDermid et al, 1985; Meurman, 1988]. Whether this synergistic effect 
couldd be observed in bacterial cells grown in biofilms is unknown. 

Wee have shown that demineralization and remineralization can be studied in a 
biofilm-hardd tissue model when the Constant Depth Film Fermentor (CDFF) is 
properlyy controlled [Deng et al, 2004b; Deng and ten Cate, 2004]. Viability and 
acidogenicityy of biofilm cells and the resulting lesion formation in dentin can be 
studiedd simultaneously in this model. Moreover, the split model design not only 
allowedd two conditions or treatments to be applied in one experiment, but also 
ensuredd similar baseline values for the treatments [Deng et al, 2004b]. 

Ourr purpose was to study the output parameters during and after periodic 
applicationn of chlorhexidine in the CDFF. These parameters included viability and 
acidogenicityy of Streptococcus mutans biofilms and lesion formation in dentin. A 
combinationn of fluoride and chlorhexidine was also applied to test the additional 
effectss of fluoride. 
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Material ss and Methods 

Splitt  Constant Depth Film Fermentor 

AA Constant Depth Film Fermentor (CDFF) (University of Wales, Cardiff), described 
byy Wilson [1999], was used to grow biofilms. The motor of the CDFF was modified 
too allow the turntable not only to rotate 360° (as originally designed), but also to 
oscillatee over 180°, splitting the CDFF into two independent sides. With this set-up, 
eachh side has its own ports to deliver the medium and its own polytetra-
fluoroethylenee (PTFE) scraper bar to scrape the liquid over the specimens. Different 
treatmentss could be applied to the two sides. When it rotates 360°, the rotating 
turntablee can contain 15 PTFE pans; when it oscillated over 180°, only 11 pans, 5 in 
onee and 6 in the other side, can be included in order to avoid carry-over. Each 
samplingg pan has 5 cylindrical holes (5.0 mm in diameter), where dentin specimens 
aree placed on top of PTFE plugs. 

Preparationn of Specimens 

Sixtyy dentin discs (1.5 mm thick and 5 mm diameter) were prepared from freshly 
obtainedd bovine incisors. They were covered with bonding agent (Scotchbond, multi 
purpose,, 3M), then three parallel grooves were sawn perpendicular to the outer 
surfacee with a diamond coated wire (Well type A3-4; W. Ebner, Mannheim, Germany) 
[Lagerweijj  et al, 1996a]. All grooves were about 330 um wide and 650 urn deep. The 
surfacess of the dentin discs were placed flush with the surface of PTFE pans. 

Inoculationn and Operation of the CDFF 

Thee bacterium used in this study was Streptococcus mutans CI 80-2 [De Stoppelaar et 
al,al, 1967]. The procedure of inoculation and operation of the CDFF was the same as 
inn a previous study [Deng et al, 2004a]. Briefly, 100 ml sterile human saliva was 
pumpedd into the CDFF for 3.5 h, followed by the S. mutans culture for 8 h. Then 
sterilee growth medium or 2% (w/v) sucrose solution was dripped into the system at a 
ratee of 0.5 ml/min. The sucrose was applied 4 times per day for periods of 30 min. 
Thee growth medium contained 3.7 g/L BHI medium (Difco, Laboratories, Detroit, 
Michigan,, USA) with 0.9 mM phosphate, 1.5 mM CaCl2and 25 mM PIPES buffer. 
pHH was adjusted to 7.0 by the addition of 5 MKOH. 
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Thee Regime of the Treatments 

Twoo different treatments, 0.05% chlorhexidine digluconate (CHX) and a mixed 
solutionn of 0.05% CHX and 135 ppm fluoride solution (as NaF), were given to each 
sidee of the CDFF, respectively. The regime of the treatment is described below 
(figuree 1). 

Turningg mode 
off the turntable 

phasee 1 phase 2 phase 3 

Experimentall J treatments J 
periodd (days) l l 1 1 1 * 1 * 1 * 1 1 * 1 1 1 * 1 1 1 * 

00 5 7 9 12 16 20 

Fig.. 1. The regime of the treatments.  refers to sampling days. 

Duringg the first 5 days after inoculation (phase 1), the turntable of the CDFF 
rotatedd 360° and no treatment was given. 

Fromm day 6 to day 12 (phase 2), the treatment solutions were pulsed immediately 
afterr a sucrose pulse with the turntable oscillating over 180°. The frequency of the 
pulsingg was twice daily for 5 minutes at a rate of 1 ml/min, while the supply of 
growthh medium and sucrose was stopped. On days 5, 7, 9 and 12, a sample pan from 
eachh group was removed from the CDFF immediately after a 30-min sucrose pulse. 
Thiss was at 360 min after the respective treatments. 

Fromm day 13 until day 20 (phase 3), the treatments were stopped while the turntable 
stilll  oscillated over 180° and the biofilms at each side were grown under the growth 
mediumm and sucrose pulse. On days 16 and 20, sample pans were removed from the 
CDFFF for further analysis. 

Alll  sample pans were removed with a sterile stainless steel tool. The dentin 
specimenss were removed aseptically from the pans for the determination of biofilm 
viability,, acid production, mineral loss and lesion depth of dentin specimens. 

OO o 
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Assessmentt  of CDFF Bio film  Viabilit y 

Forr each dentin specimen, biofilms from one groove were checked for viability and 
fromm the other two grooves they were pooled and analyzed for acid content. Biofilms 
weree removed by repeated scraping with 3 consecutive sterile paper points (size #20, 
QDENT;; NDO Leeflang, the Netherlands). This method was discussed in detail by 
Dengg et al [2004a]. All three paper points were placed into a sterile vial containing 
lmll  Cysteine Peptone Water solution (5 g yeast extract, 1 g peptone, 8.5 g NaCl, 
0.55 g L-cysteine hydrochloride and 100 ml glycerol per liter, adjusted to pH 7.3). 
Sampless were dispersed by sonication on ice for 30 sec at an amplitude of 40 W 
(Vibraa cell™', Sonics & Materials INC, USA). Serially diluted samples were plated 
ontoo BHI agar. The plates were incubated anaerobically at 37°C for 3 days. 

Assessmentt  of Acid Production 

Forr acid analysis the biofilms were removed by paper points in the abovementioned 
wayy and transferred into vials containing 50 ul Milli- Q water on ice. The vials were 
placedd in 80°C water bath for 5 minutes and centriruged for 15 min at 13,000 rpm 
underr 4°C (Heraeus centrifuge, Dijkstra bv, the Netherlands). The supernatants were 
analyzedd for organic acid analysis by capillary electrophoresis. From the pellets the 
proteinn contents were determined by Bradford's method [Damen et al., 2002]. 

Assessmentt  of Mineral Loss and Lesion Depth 

Afterr the biofilms were removed, the dentin specimens were sectioned and three 
sectionss per specimen were radiographed and analyzed with the transversal 
microradiographyy (TMR) procedure [Lagerweij et al, 1996a]. Scans were made of 
bothh walls of each groove at 50 um ('entrance') and at the deepest part ('bottom') of 
thee groove. The mineral loss, expressed as integrated mineral loss (IML) and the 
lesionn depth (LD) were calculated (TMR software 1.25e, Inspektor Research Systems, 
Amsterdam,, The Netherlands). IML and LD values at various positions of the groove 
perr specimen were averaged from corresponding values of scans and sections. 

Statistics s 

Alll  statistical analyses were performed with SPSS (Version 9.0). The effects of 
variouss treatments on viability, acid production, mineral loss and lesion depth were 
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analyzedd by two-way ANOVA. When the location of the groove was included as 
parameter,, the data were analyzed by repeated-measurement ANOVA. 

Results s 

Viabilit yy of S. mutatis Biofilms 

Thee viability of biofilm cells during the 3 phases is shown in figure 2. Five days after 
thee inoculation, the number of viable cells reached 4.8xl08 (  5.8xl07) CFU/groove. 
Thiss number decreased gradually after the start of the treatments. At the end of the 
phasee 2, viability had dropped more than 3 log units. In phase 3, the viability 
remainedd low the first 4 days and during the next 4 days it recovered to 10% of the 
valuess at the start of the treatment phase. There were no significant differences in the 
killin gg and the recovery of the biofilm cells between the two treatments. 
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Fig.. 2. Viability of S.mutans 
biofilmss over time under 
0.05%% CHX ( O) versus 
0.05%% CHX + 135 ppm F" 
(DD ). All treatments were 
pulsedd twice daily from day 
66 until day 12 (n = 5). 

Acidd Production of S. /nutans Biofilms 

Afterr a 30-min sucrose pulse lactic acid was the main acid produced by S. /nutans 
biofilmss in the CDFF. The change of lactic acid over time is illustrated in figure 3. In 
phasee 1, the lactic acid production of the biofilm was 3.33 (  0.49) nmol/ug protein. 
Similarr to the viability of the biofilms, after starting the treatments, acid production 
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decreased,, reaching the detection limit (0.21 nmol/ug protein) at the end of phase 2. 
Acidd production remained at this low level the first 4 days in phase 3 and recovered to 
9%% (the chlorhexidine group) or 14% (the mixture group) of the baseline values at the 
endd of phase 3. The profiles of lactic acid production throughout the experiment were 
similarr for the two experimental groups, except on day 7, one day after the start of the 
treatments,, when the reduction of the lactic acid concentration was significantly 
smallerr in the mixture group than in the chlorhexidine group. 

Fig.. 3. Lactic acid production 
off  S.mutans biofilms over time 
underr 0.05% CHX (O) versus 
0.05%% CHX + 135 ppm F (D). 
Alll  treatments were pulsed 
twicee daily from day 6 until 
dayy 12 (n = 5). 

Lesionn Formation in the Dentin Grooves 

Figuree 4 gives the IML and LD values at the entrance and the bottom of the dentin 
groovess on days 5, 12 and 20, which corresponded to the end of phase 1, 2 and 3, 
respectively. . 

Forr both treatment groups, subsurface lesions had formed homogeneously along 
thee wall of the grooves at the end of phase 1. In the chlorhexidine group, the IML 
valuess along the wall of the grooves increased significantly during phase 2 and 
remainedd at these levels during phase 3. The increase of the IML values was more 
severee (p < 0.05) at the bottom of the grooves than at the entrance. In the mixture 
group,, the IML values decreased significantly at the entrance, but did not change at 
thee bottom of the grooves during phase 2. These values again increased slightly at the 
entrance,, and increased significantly at the bottom of the grooves during phase 3. 
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Differentt from the IML values, the LD values increased significantly under both 
treatments.. This increase was more severe at the bottom than at the entrance of the 
groovess and more in the mixture group than in the chlorhexidine group. 

CHXX CHX+F CHX CHX+F 

Fig.. 4. Intergrated mineral loss 
(IML )) and lesion depth (LD) 
valuess at the entrance and the 
bottomm of the grooves on day 5 (D), 
dayy 12 ) and day 20 (0). CHX 
referss to 0.05% CHX treatment; 
CHX+FF refers to 0.05% CHX + 
1355 ppm F" treatment. All 
treatmentss were pulsed twice daily 
fromm day 6 until day 12. * refers to 
thee significant difference among 
thee groups (n = 5) 

Discussion n 

Inn this CDFF biofilm study, the antimicrobial effects of chlorhexidine on viability and 
acidogenicityy of biofilms were demonstrated. A decrease in lactic acid production and 
viabilityy of the biofilm cells was observed during the treatments and a recovery of 
thesee two parameters was seen when treatments were discontinued. During the course 
off  the experiments the change of lesion formation in dentin followed the changes of 
viabilityy and acid production, though delayed. 
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Inn contrast to other biofilm models used for testing antimicrobial agents 
[Guggenheimm et al, 2001; Pratten et al, 1998a], with this CDFF model it was 
possiblee to follow all three parameters, which are potential indicators for the caries 
process.. Different from a study reported by Pratten et al [1998a], where a small 
reductionn and quick recovery in viability during the chlorhexidine treatment were 
seenn for S. sanguis biofilm, our study showed about 4 log units reduction in viability 
off  S. mutatis biofilms during a 0.05% chlorhexidine treatment and a delayed recovery 
afterr stopping the treatment. Compared to our study, Pratten and coworkers used a 
poorr nutrient-containing growth medium, only 1 min chlorhexidine treatment and 
differentt bacterial species. This suggests that the susceptibility of biofilms to 
antimicrobialss is affected by the growth conditions of the biofilms, the application 
timee of antimicrobials and the bacterial species. More work on this topic seems to be 
indicated. . 

Variouss clinical and in situ studies on chlorhexidine have shown a significant 
reductionn of mutans streptococci counts in saliva and plaque, but no change in caries 
scoress [Dasanayake et al, 2002; van Strijp et al, 1997]. In our study, we also found a 
reductionn in viability and lactic acid production of the biofilms, but an increase in 
lesionn formation in dentin, especially during the chlorhexidine only treatment. We 
notedd that, as for clinical trials, acid production and viability measures the properties 
off  the biofilm cells at the time of sampling, while lesion formation reflects the 
changess of the mineral content in dentin cumulated up to the sampling time. 
Therefore,, these three parameters evaluate the efficacy of antimicrobials on caries 
formationn from different perspectives. 

Whenn compared to the chlorhexidine only group, the influence of fluoride on lesion 
formationn was evident. This effect was stronger at the entrance than at the bottom of 
thee grooves. This phenomenon was also reported from our previous CDFF biofilm 
studyy [Deng et al, 2004b]. As explanation we proposed that fluoride affected the 
dissolutionn of dental hard tissue, leading to less neutralization of acids and 
consequentlyy a deeper penetration of acids into the grooves. In fact, a limited 
effectivenesss of caries-preventive agents at the bottom of the groove was found not 
onlyy in the combination of fluoride and chlorhexidine group but also in the 
chlorhexidinee only group. This would indicate that the retention site such as the 
bottomm of the groove in this study or fissures in vivo might be difficult to protect from 
cariess by antimicrobial agents. 
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Wee found no synergistic effects of chlorhexidine and fluoride on either the viability 
orr acidogenicity of the biofilm. This observation was different from reports with 
planktonicc cells [McDermid et al, 1985; Meurman, 1988], presumably due to 
differencess in bacterial properties under the two growth conditions. In a clinical 
regrowthh study, the combination treatment was shown to be less effective than 
chlorhexidinee only. It was assumed that the inclusion of fluoride might reduce 
chlorhexidinee availability or adsorption to the surfaces of the teeth [Mendieta et al, 
1994]. . 

Comparedd to the Pratten et al [1998a] study, the recovery of both the viability and 
acidogenicityy of S. mutans cells was significantly slower in the present study. 
Irrespectivee the treatment type, there was a lag phase of at least four days after 
stoppingg the treatment. As to the reasons for this lag phase, we can only speculate: 
first,, the retention of chlorhexidine in the dentin grooves and slow clearance, as 
comparedd to biofilms at a smooth surface, might repress the growth of &  mutans cells 
[Gjermoo et al, 1974]. Second, chlorhexidine has been shown to possess a 
postantibioticc effect (PAE) [Fuursted et al, 1997]. PAE was described as a delayed 
responsee of pathogens {e.g. Escherichia coli), even when the antibiotic had been 
neutralized. . 

Inn the present study, 0.05% chlorhexidine instead of the commonly used clinical 
concentrationn of 0.2% was chosen. This choice was based on an earlier study, where 
0.2%% CHX was shown to reduce the viability and acid production to values under the 
detectionn limit after a 10-min treatment (data not shown). Since a purpose of the 
currentt study was to test the changes in viability, acidogenicity of the biofilms and 
lesionn formation in the dentin induced by caries-preventive agents, a lower 
concentrationn of chlorhexidine was applied. 

Inn conclusion, this study shows that the CDFF biofilm model is suitable to 
investigatee the effects of antimicrobial agents on viability and acidogenicity of 
biofilmss and lesion formation in dentin. No synergistic effect of the combination of 
fluoridee and chlorhexidine was observed for the biofilm parameters though additional 
effectss could be seen in dentin. A delayed recovery of biofilm cells was seen after the 
antimicrobiall  treatment had been stopped. 
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Chapte rr  5 

Thee Effects of Substratum on the pH Response 

off  Streptococcus mutatis Biofilms and 

onn the Susceptibility to 0.2% Chlorhexidine 

Thiss chapter has been published as: 
Dengg DM, Buijs MJ, Ten Cate JM: The effects of substratum on the pH response of 
StreptococcusStreptococcus mutatis biofilms and on the susceptibility to 0.2% chlorhexidine. Eur J 
Orall  Sci 2004;112:42-47. 
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Abstract t 

Antimicrobiall  agents are now being studied in bacterial biofilms rather than in 
suspensions.. However, no data are available whether the choice of substratum 
influencess biofilm properties or the assessment of antimicrobial efficacy. This study 
comparedd dentin and polyacrylate (PA) grooves as substratum for biofilm formation 
onn pH profiles after sugar challenge, as well as biofilm susceptibility to chlorhexidine. 
StreptococcusStreptococcus mutans biofilms were formed in a Constant Depth Film Fermentor 
(CDFF)) by alternate pulsing with sucrose solutions and bacterial growth medium. 
Spatiall  and temporal pH profiles were measured using a pH microelectrode outside 
thee CDFF in a flow reactor. Also, 15-day biofilms were treated with either water or 
0.2%% chlorhexidine and tested for total viable counts and organic acid content. The 
resultss show that in PA grooves, compared with dentin grooves, minimum pH was 
lowerr but recovered faster after a sucrose pulse. The pH response to sugar application 
decreasedd with the age of the biofilm more in PA than in dentin grooves. 
Chlorhexidinee treatment in PA grooves gave greater reductions in viable counts and 
acidd formation than in dentin. We conclude that the nature of the substratum not only 
affectss metabolic activity of biofilms but also their susceptibility to antimicrobials. 

Introductio n n 

Dentall  plaque has the properties of a biofilm because it forms on the tooth surface and 
iss a community of numerous bacteria embedded in an extracellular polymer matrix 
[Marshh and Bradshaw, 1997]. Dental plaque, like other biofilms, was shown to be 
moree resistant to antimicrobial agents than the individual planktonic cells [Kinniment 
etet al, 1996b; Wilson et al, 1996]. Therefore, studies on potential caries-preventive 
agentss which are aimed at interfering with plaque formation or metabolism have 
recentlyy been carried out with biofilms rather than with suspensions. In these biofilm 
models,, not only dental tissues such as dentin, enamel or the analog hydroxyapatite 
havee been used as substratum for biofilm growth [Guggenheim et al, 2001; Pratten et 
al,al, 1998a], but also inert materials such as polytetrafluoroethylene (PTFE, Teflon), 
glass,, and polyacrylate (PA) [Kinniment et al., 1996b; Sissons et al., 1994]. The 
advantagee of using inert materials is that they are easy to obtain, can be reused and 
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lackk biological variation. If the properties of biofilms grown on these substrata would 
representt those formed on tooth surfaces, the use of the inert substrata would be more 
convenientt for biofilm studies than of dental tissues. 

Thee surface free energy of materials has been shown to influence the quantities, 
althoughh not the structure of the associated biofilms [Herles et al, 1994; Siegrist et al, 
1991],, The differences in surface properties could be masked when they are coated 
withh a salivary pellicle [Hudson et al, 1986; Quirynen and Bollen, 1995]. 
Nevertheless,, calcium phosphate (dental tissues) and non calcium phosphate (inert) 
substrataa will respond differently to an acid attack. Phosphate and hydroxyl ions 
releasedd from dental tissues during episodes of low pH will change the pH response 
off  the biofilm. Differences in pH response [Zaura et al, 2002] and mineral 
compositionn [Rankine et al, 1996] of biofilms were observed after sugar challenge, 
whenn biofilms were formed on dental tissues and polyacrylate, respectively, in situ. It 
iss not clear whether these differences also affect properties of biofilms which are 
relevantt to the etiology and prevention of caries. 

Inn an exploratory study, Pratten et al [1998b] indicated that the nature of the 
substratumm could affect the ability of antimicrobial agents to prevent biofilm 
formation.. Marginal differences were observed in chlorhexidine-induced killing of 
bacteriaa in preformed biofilms on enamel vs. hydroxy apatite. In that study, the 
metabolicc activity of biofilms was not studied. 

Inn order to study the effects of substratum on biofilms grown under controlled 
conditions,, we grew Streptococcus mutans biofilms in grooves in dentin and PA 
specimenss in a Constant Depth Film Fermentor (CDFF) for 20 days. Biofilms were 
characterizedd by measuring pH-depth-time profiles after sugar challenge. To test the 
rolee of the nature of the substratum on the efficacy of antimicrobial agents, we treated 
15-dayy biofilms grown on different substrata with 0.2% chlorhexidine and assessed 
thee biofilms for viable counts and acid formation. In this study, bovine dentin rather 
thann enamel was used as dental tissue because of its higher solubility. Specimens with 
groovess were chosen as sites for biofilm formation to simulate plaque retention sites 
inn the mouth. 
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Material ss and Methods 

Constantt  Depth Film Fermentor 

AA CDFF (University of Wales, Cardiff, UK) was used to grow biofilms, as described 
inn detail by Wilson [1999], Briefly, the system consists of a turntable, containing 15 
PTFEE pans, which rotates under two PTFE scrapers. The scrapers smear the incoming 
mediumm over the pans. Each sampling pan has five cylindrical holes (5.0 mm in 
diameter)) where specimens can be placed on top of the PTFE plugs. 

Specimenss Preparation 

Twoo types of specimens - bovine dentin discs and polyacrylate cylinders - were 
preparedd as substrata. Dentin discs (1.5 mm thick and 5 mm diameter) were prepared 
fromfrom freshly obtained bovine incisors. The discs were covered with bonding agent 
(Scotchbond,, multi purpose; 3M, St Paul, MN, USA) and three parallel grooves were 
cutt with a diamond coated wire (Well type A3-4; W. Ebner, Mannheim, Germany) 
perpendicularr to the outer surface. Details were published by Lagerweij et al [1996a]. 
Polyacrylatee cylinders (5 mm diameter) with flat surfaces on one side were prepared 
byy using the cylindrical hole of a PTFE pan as a mold. Three parallel grooves were 
cutt on the flat surface as for the dentin discs. All grooves were about 330 \xm wide 
andd 650 urn deep. The specimens were placed flush with the surface of the sampling 
pan. . 

Inoculationn and Operation of the CDFF F 

Thee bacterium used in this study was S. mutans CI80-2 [De Stoppelaar et ai, 1967]. 
Too inoculate the CDFF, 100 ml sterile saliva was pumped into the CDFF for 3.5 h to 
formm pellicles on the surface of the specimens. Then, 15 ml S. mutans overnight 
culturee was mixed with 500 ml growth medium and inoculated into the CDFF over a 
periodd of 8 h. The preparation of sterile human saliva and S. mutans overnight culture 
wass described in detail by Deng and ten Cate [2004]. The growth medium contained 
3.77 g/l BHI medium (Difco, Laboratories, Detroit, MI, USA), 25 mM PIPES buffer 
(Sigma,, St. Louis, MO, USA) and 1.5 mMCaCh- pH was adjusted to 7.0 by addition 
off  5 A/KOH. 

Afterr 8 h, the inoculum flask was disconnected and sterile growth medium was 
drippedd into the system by peristaltic pump (Type MS-4/6-100; Ismatec, Zurich, 
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Switzerland)) at a rate of 0.5 ml/min, similar to the unstimulated salivary flow rate in 
healthyy individuals [Dawes, 1996]. Aqueous solutions of 2% (w/v) sucrose were 
pumpedd into the CDFF four times a day for periods of 30 min at the same speed via a 
secondd peristaltic pump, while the supply of growth medium was stopped. At various 
timee points, PTFE sample pans were removed from the CDFF with a sterilized 
stainlesss steel tool. The biofilms in the specimens were either subjected to pH 
measurementss or first treated with 0.2% chlorhexidine solution and analyzed 
subsequently.. Contamination of the CDFF was checked by plating the effluent 
mediumm on blood agar plates at various times during the experiment. 

pHH Measurements 

Biofilmm pH measurements with microelectrodes inside the CDFF are not possible for 
technicall  reasons and for risk of contamination. Therefore, specimens were removed 
fromm the CDFF and pH profiles in the depth of the biofilm were measured in a flow 
reactorr system (details below). The flow reactor was also used to measure pH-depth-
clearancee (time) profiles. In addition, biofilms were given short rinses with 10% (w/v) 
glucosee solutions inside the flow reactor. The latter was done with a protocol (details 
below)) previously used for samples from an in situ biofilm study [Zaura et al, 2002] 
soo as to compare the two types of biofilms. Collectively, these experiments provided 
thee following information: (a) pH in the biofilm at various time points of the sucrose-
growthh medium cycle (specimens removed at day 20), which showed the pH cycling 
too which biofilms were subjected in the CDFF; (b) pH in the biofilm upon termination 
off  the 30 min sucrose challenge (measured at days 5, 12, and 20), which showed age 
andd substratum dependency of biofilm pH; (c) pH recovery of biofilms in pH 7.0 
buffers,, which gave insight into age and substratum effects on buffer capacity of the 
biofilms;; (d) pH response to short sugar treatment, which provided a comparison with 
inin situ formed biofilms. 

Thee experimental details are described below, 
(i)) On day 20, specimens were removed from the CDFF at 15 min and 30 min after 
thee start of the sucrose addition and at 45 min and at 1.5 h (PA) or 4.5 h (dentin) after 
thee start of the growth medium addition. Specimens were placed in the flow reactor 
andd pH profiles in depth of the biofilm were measured in 1 mM KH2P04 buffer (pH 
7.0). . 

(ii )) On days 5, 12, and 20 this procedure was followed for specimens removed 30 
minn after start of the sucrose pulse. This value is referred as "pH30". 
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(iii )) The specimens described under (ii) were then left in the flow reactor to measure 
recoveryy of pH. For this, the buffer was replaced by 10 mM KH2PO4, being more 
similarr to the buffer capacity of saliva. This was continued until pH of the biofilm 
reachedd 6.5, which time was recorded as recovery time. 
(iv)) Then, the buffer was removed and 100 ul 10% (w/v) glucose solution was 
appliedd on top of the specimens; 2 min later the glucose was washed away and the 
reactorr was refilled with 1 mM KH2P04. Consecutive pH-depth profiles were made 
forr 30 min pH-time curves were drawn from the profiles. The integrated area with pH 
5.55 as upper boundary was calculated and expressed as area under the curve (AUC). 

Thee procedure of measuring pH in the biofilms with pH microelectrodes is 
describedd in detail by Zaura et al [2002]. Briefly, specimens were placed in the flow 
reactor,, which was filled with the buffer of choice. The pH microelectrode was first 
positionedd at the bottom of the groove. pH was then measured at 50 jim intervals 
fromfrom the bottom to the outside pH 7.0 buffer which served as internal standard. The 
averagee pH values within 150 um from the bottom and within 200 \im from the 
entrancee were calculated as 'entrance' and 'bottom' pH, respectively. 

Chlorhexidinee Treatment, Viabilit y and Acid Formation Test 

Onn day 15, dentin and polyacrylate groove specimens with biofilms were removed 
fromfrom the CDFF 5 h after the start of the growth medium pulse. The specimens were 
immersedd into either 4 ml sterile Milli- Q water (Millipore S.A., Molsheim, France) or 
44 ml 0.2% chlorhexidine digluconate. After 10 min, specimens were rinsed with 20 
mll  Milli- Q water three times to wash away the active compound and kept in 15 ml 
cysteinee peptone water (CPW: 5 g yeast extract, 1 g peptone, 8.5 g NaCl, 0.5 g L-
cysteinee hydrochloride and 100 ml glycerol per liter, adjusted to pH 7.3) at 37°C for 
lh . . 

Forr each specimen, the biofilms were checked for viability (one groove) and 
analyzedd for acid formation (two grooves combined). The viability test was 
performedd by scraping the groove with three consecutive sterile paper points (size #20, 
QDENT;; NDO, Leeflang, The Netherlands). The three paper points were placed into 
onee sterile vial containing 1 ml CPW solution. Samples were dispersed by sonication 
onn ice for 30 s. Serially diluted samples were plated onto BHI agar. The plates were 
incubatedd anaerobically at 37°C for 3 day. 

Thee biofilms used for the test of acid formation were also removed by paper points 
andd transferred into vials containing 1 ml phosphate buffered saline (PBS: 8.0 g NaCl, 
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0.22 g KC1, 1.0 g Na2HP04 and 0.2 g KH2P04 per liter, adjusted to pH 7.4). The 
biofilmm cells were washed in PBS twice and in Milli- Q water once to wash away 
residuall  acid that might affect subsequent acid formation or baseline readings. Then, 
500 ul 1% (w/v) glucose was added to the biofilm cells at 37°C. After 2 min, acid 
productionn was stopped by placing the vials on ice. Organic acids were measured by 
capillaryy electrophoresis and protein contents were analyzed by Bradford's method, 
describedd in detail by Damen et al. [2002]. 

Statistics s 

Dataa were analyzed with the Statistical Package for the Social Science (Version 9.0, 
SPSS,, Chicago, IL, USA). The effects of substratum and age of the biofilms on the 
pHH after a sucrose pulse and AUC after short glucose application were analyzed by 
two-wayy ANOVA. The effect of the age of the biofilms on pH recovery time was 
analyzedd by one-way ANOVA. Student-Newman-Keuls test was used for a post hoc 
test.. When the effect of location of the groove on the pH was included, repeated-
measurementss ANOVA was used. The effect of substratum and treatment on the 
viabilityy and organic acid production were tested by two-way ANOVA. The viable 
countss were log transformed before the statistical test. 

Results s 

Thee pH of Biofilms Grown in Dentin and Polyacrylate Grooves 

Figuree 1 illustrates the pH-time curve of 20-day-old-biofilms in the CDFF. A typical 
'Stephann curve' [Stephan, 1944] was found for each cycle. The pH in the PA grooves 
seemedd to drop lower during sucrose pulse but recovered faster, when compared with 
thee pH in the dentin grooves. The figure also shows that the pH in both substrata 
returnedd to 7.0 before the start of the next sucrose pulse. No statistical analysis was 
carriedd out because of small sample size. 

Thee effects of the biofilm aging on the PH30 are shown in figure 2 for both substrata. 
Inn dentin, the PH30 at the entrance was either similar to or lower than the 
correspondingg value at the bottom. However, in PA specimens the pH30 at the 
entrancee was always higher than at the bottom. Irrespective of the site in the grooves, 
thee PH30 inside dentin grooves was one unit or more higher than in PA grooves. These 
differencess remained when the age of the biofilms increased. 
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Fig.. 1. pH-time response curve. The 
pHH was measured at the entrance (A) 
andd the bottom (B) of grooves in 
dentinn ) and polyacrylate ) (PA) 
duringg 0.5 h sucrose and 5.5 h 
growthh medium pulse cycle on day 
20.. For each time point, n = 2. The 
leftt arrow denotes the start of sucrose 
pulse.. The right arrow denotes the 
startt of growth medium pulse. 
Dashedd lines are interpolations. 
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Fig.. 2. Biofilm pH30 at 
variouss days and locations in 
thee groove. The pH after a 
30-minn 2% sucrose pulse 
duringg biofilm formation was 
comparedd between the 
entrancee and the bottom of 
thee grooves; between dentin 
andd polyacrylate (PA) (n = 4). 
Thee error bars denote the 
standardd deviation. 
*,, Statistically significant 
differencess (p < 0.05) be-
tweenn the connected groups. 
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Fig.. 3. The pH recovery time at 
thee groove bottom. Time needed 
forr 'bottom' pH to recover to 6.5 
inn lOmM K2HP04 at various 
dayss of biofilm formation (n = 4). 
Thee error bars denote the 
standardd deviation. 
*,, Statistically significant dif-
ferencee (p < 0.05) between the 
connectedd groups. 
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Fig.. 4. The area under the curve (AUC) after 2 min 10% glucose application. The 
AUCC was calculated from the pH-time curves at various days of biofilm formation at 
twoo locations in the two types of substrata (n = 4). The AUC value was integrated 
areaa with pH 5.5 as upper boundary in pH curve and was calculated after converting 
thee pH value into H+ value. The error bars denote the standard deviation. 
*,, Statistically significant difference (p < 0.05) between the connected groups. 
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Figuree 3 shows the time needed for pH at the bottom of the groove to recover to 6.5 
whenn specimens were placed in 10 mM phosphate buffer. This was significantly 
longerr in dentin grooves than in PA grooves. In both substrata, the recovery took 
significantlyy longer in 12- and 20-day-old biofilms than in 5-day-old biofilms. 

Thee pH was measured after subsequent exposure to 2-min 10% glucose during 
300 min. Again 'Stephan curve' responses were observed. For 5-day-old-biofilms, the 
minimumm pH (pHmin) at the bottom of the PA groove (pH 4.4  0.2) was significantly 
lowerr than at the bottom of the dentin groove (pH 5.0 . In dentin, the pHmin was 
lowestt at the entrance and in PA at the bottom of grooves (data not shown). The 
calculatedd AUC vs. biofilm age is shown in figure 4. The AUC value at the bottom of 
thee grooves decreased because of the smaller pH drop when the age of biofilms 
increased.. Compared with the corresponding values in dentin grooves, the AUC in PA 
groovess was significantly larger on day 5 but smaller on day 20. 

Viabilit yy and Acidogenicity of the Biofilm after  Chlorhexidine Treatment 

Thee biofilms were removed for antimicrobial treatments 5 h after sucrose pulsing 
because,, at that time, the biofilm pH had returned to 7.0 in both substrata, as shown in 
figurefigure 1. With this procedure an effect of biofilm pH on the efficacy of chlorhexidine 
treatmentt could be excluded. 

Inn the water-treated (control) group, PA grooves had significantly lower viable cell 
countss than dentin grooves. After 10 min 0.2% chlorhexidine treatment, in dentin 
groovess the viable cells were reduced to 74%, but this reduction was not significant. 
Byy contrast, in PA grooves viable cells had dropped significantly to 15% (p < 0.01) 
(Figuree 5). 

Afterr a 2-min 1% glucose application, lactic acid was the predominant acid 
producedd by S. mutans biofilms. There were also small amounts of acetic, formic, and 
propionicc acid (data not shown). In the water-treated group, lactic acid production by 
thee dentin specimens' biofilm cells was two-fold those of the PA specimens (Figure 
6).. After chlorhexidine treatment, lactic acid in biofilm cells from dentin and PA 
specimenss were significantly reduced to 26% and 13%, respectively. For the viable 
counts,, this reduction was more severe in the biofilms from PA specimens than from 
dentinn specimens. Two-way ANOVA showed a significant interaction between nature 
off  substratum and treatment (p < 0.05). 
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Fig.. 5. Viability of 15-day biofilms. Biofilms were treated with either water or 0.2% 
chlorhexidinee solution (n = 5). The error bars give the standard deviation. 
*,, Statistically significant difference (p < 0.01) between the connected groups. 
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Fig.. 6. Lactic acid productions by biofilm cells. Biofilm cells were collected from 
dentinn and polyacrylate (PA) grooves after water or 0.2% chlorhexidine treatment and 
subsequentlyy given 1% glucose application to determine metabolic activity (n = 5). 
Thee error bars give the standard deviation. *, Statistically significant difference 
{p{p < 0.01) between the connected groups. 
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Discussion n 

Thee results of this study demonstrate that S. mutans biofilms grown in dentin and PA 
grooves,, respectively, are significantly different in terms of pH response to sugar 
challenge.. These differences were generally enhanced by increasing age of the 
biofilms.. Also, the effects of antimicrobial agents, as tested with chlorhexidine, on 
maturee biofilms were affected by the nature of the substratum. 

Inn this study, single-species biofilms were grown under controlled conditions. 
Whenn glucose was applied, the minimum pH and pH distribution throughout the 
groovess were different between the dentin and PA. These differences were similar to 
thosee observed by Zaura et al [2002] for 7-day in situ plaque. Moreover, in the 
currentt study, pH measurements after longer periods of sugar application (i.e. 30 min 
sucrosee pulsing) showed the effect of substratum on pH. 

Nott only minimum pH after sugar challenge but also the recovery of the pH was 
dependentt on the type of substratum onto which the biofilms had formed. The 
recoveryy of the pH in dentin grooves was considerably slower than in PA grooves, 
althoughh the minimum pH in dentin was one unit higher than in PA. We assume that 
thee phosphate dissolving from dentin might buffer the pH drop of the biofilm, when 
comparedd with the PA biofilms. A higher pH might result in more metabolically 
activee cells in biofilms, which slows down the recovery of the pH in the dentin 
biofilms.. Also, phosphate released from dentin might accumulate and increase the 
bufferr capacity of biofilms [Kashket and Yaskell, 1990]. This buffering might 
prolongg the recovery period of the pH in the dentin. Finally, the lesion formed in 
dentinn might serve as acid reservoir, keeping the pH at a low level. 

Thee effect of biofilm aging on pH response was also investigated. The recovery of 
pHH was slower when the biofilm grew older, which was also reported from an in vitro 
study,, where single-species biofilms were grown on teeth and the pH response to 
glucosee pulse were measured continuously for 48 h [Hudson et al., 1986], 
Furthermore,, the results from measurements after 2 min 10% glucose application 
indicatee that the metabolic activity of the biofilms at the bottom of the grooves 
decreasedd with time, especially for PA grooves. Similar trends were found for in situ 
dentall  plaque grown on top of ion-sensitive field effect transistor (ISFET) pH 
electrodess in artificial fissures [Igarashi et al, 1990]. It was assumed that the aging 
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effectss were due to the lower permeability of plaque to fermentable carbohydrates as 
itt matured in the retention site. 

Thee choice of groove as substratum gave us a good opportunity to study the 
propertiess of the biofilms grown in a retention site. However, it provided more 
difficultiess in the sampling. To avoid including the surface biofilms, biofilms could 
nott be removed by sonicating or vortexing. From several methods tested, paper points 
provedd the most effective sampling way, with three consecutive paper points being 
adequatee to recover the biofilms reproducibly. This was confirmed by viable counts in 
thee pilot study and protein measurements in control and treatment groups (data not 
shown). . 

Testingg the susceptibility of biofilm cells to chlorhexidine showed that the nature of 
thee substratum not only significantly affected the pH response of biofilms, but also 
theirr susceptibility to antimicrobials. Pratten et al. [1998b] showed small differences 
inn chlorhexidine mouthwash-induced killing of preformed S. sanguis biofilms 
betweenn bovine enamel and hydroxyapatite. Clearly, the difference in solubility of the 
substrataa used in the current study is considerably larger, which might explain the 
significantt effect of the substratum on the susceptibility of biofilms to chlorhexidine. 
Moreover,, our choice of grooves as retention sites might amplify the effects of the 
substratum.. The reason for the observed difference in antimicrobial susceptibility is 
nott clear. Cells grown under different pH cycle conditions might be differentially 
resistantt to antimicrobials [Hahn et al, 1999; Svensater et al, 2001]. Resistance 
mightt result from different structures of biofilms formed on different substrata, which 
wouldd affect the penetration of chlorhexidine and therefore its efficacy, or it might be 
relatedd to difference in binding of chlorhexidine to PA and dentin. Further studies are 
neededd for clarification. 

Ourr study demonstrates that the nature of the substratum affects not only the 
metabolicc activity of biofilms, but also the susceptibility of biofilms to antimicrobial 
agents.. Considering that most studies dealing with the efficacy of antimicrobials on 
biofilmss are carried out on glass slides or PTFE surfaces, caution must be exercised in 
interpretingg those results. 
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Susceptibilityy of Biofilm Cells 

Abstract t 

Thiss study aims to compare bacterial cells in undisturbed biofilms with cells dispersed 
fromfrom biofilms for their susceptibility to chlorhexidine. Streptococcus mutans biofilms 
weree grown in dentin specimens either in grooves or on the surfaces in a Constant 
Depthh Film Fermentor (CDFF). After 15 days, the specimens were removed from the 
CDFF.. The two types of biofilm cells were then treated with either sterile water, 
0.05%% or 0.2% chlorhexidine for 10 min. Viability of biofilm cells and acid 
productionn after a 10-min 1% glucose application were measured by plating and by 
capillaryy electrophoresis, respectively. The results showed that the effects of 
chlorhexidinee on viability of biofilm cells were seen in all groups and were dose-
dependent.. The reduction in viability of the cells in undisturbed groove biofilms was 
muchh less than in the other groups for both chlorhexidine treatments. A significant 
reductionn in lactic acid production was seen in all groups after 0.05% chlorhexidine 
treatmentt and no further reduction was observed using 0.2% chlorhexidine. The 
magnitudee of the chlorhexidine effect on lactic acid production was not significantly 
differentt among the groups. In conclusion, the geometry of the substratum 
substantiallyy affected the viability of the biofilms after antimicrobial treatments. The 
changess in acid production of biofilm cells did not always follow the changes in 
viability. . 

Introductio n n 

Biofilmss have been demonstrated to be more resistant to antimicrobial treatment than 
planktonicc cells [Kinniment et aly 1996b; Costerton et alt 1999]. This phenomenon 
wass observed by comparing cells grown in biofilms with those grown in broth. To 
furtherr understand the mechanism of this resistance, cells dispersed from biofilms and 
cellss in undisturbed biofilms were compared for their resistance to antimicrobials or 
too acid shock [Millward and Wilson, 1989; Li et al, 2001]. It was shown that 
chlorhexidinee was less effective against cells in Streptococcus sanguis biofilms than 
againstt cells dispersed from the same biofilms, regardless of the age of the biofilms 
andd chlorhexidine application time [Millward and Wilson, 1989]. This indicated that 
thee biofilm suprastructure might protect cells against antimicrobials. In another study, 
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wheree the acid tolerance response of Streptococcus mutans was investigated, 
disruptionn of the structure was shown to only reduce the acid resistance of biofilm 
cellss when the biofilms were grown with sucrose. No effect was observed when 
biofilmss were grown with glucose [Li et al, 2001]. In the abovementioned studies, 
onlyy viability of the biofilm cells was used as the outcome variable. 

Inn caries research, acid production by bacterial cells can serve as indicator for both 
bacteriall  metabolism and risk of lesion formation, since the initial event in caries is 
thee acid induced dissolution of dental hard tissue. Due to the relationship between 
bacteriall  viability and acid production, in most studies only bacterial viability is 
assessedd to evaluate the efficacy of antimicrobials. However, results from some 
clinicall  and in vitro studies, where the efficacy of antimicrobials on both viability and 
acidogenicityy of dental bacteria was tested, indicated that the changes in acid 
productionn did not always follow the changes in viability. Several authors reported a 
significantt reduction of acid production but no suppression of bacterial viability after 
chlorhexidinee application [McDermid etal, 1985; Gerardu etal, 2003]. 

Thee aim of this study was to test the effects of chlorhexidine on viability and acid 
productionn of bacterial cells in undisturbed biofilms and cells dispersed from biofilms. 
Forr this, Streptococcus mutans biofilms were grown in a Constant Depth Film 
Fermentor.. The substratum was dentin with or without grooves, which modeled 
retentionn sites and smooth surfaces of the teeth, respectively. 

Material ss and Methods 

Constantt  Depth Film Fermentor 

Thee equipment used for growing biofilms was a Constant Depth Film Fermentor 
(CDFF)) (University of Wales, Cardiff). It is equipped with a rotating turntable 
containingg 15 polytetrafluoroethylene (PTFE) pans. The turntable rotates under PTFE 
scraperr bars that smears the incoming medium over the 15 pans. Each sampling pan 
hass 5 cylindrical holes (5.0 mm in diameter), which contain dentin specimens placed 
onn top of PTFE plugs. 

Preparationn of Specimens 

Twoo types of dentin discs (n = 48) were used to grow biofilms. One type was dentin 
discss with three parallel grooves (330 urn wide and 650 urn deep). The other type was 
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dentinn discs with smooth surfaces. The preparation of the specimens was described in 
detaill  in a previous study [Deng and ten Cate, 2004]. The dentin discs with grooves 
weree placed flush with the surface of PTFE pans, while the dentin discs with smooth 
surfacess were recessed to a depth of 300 um. 

Inoculationn and Operation of the CDFF 

Thee bacterium used in this study was Streptococcus mutatis CI80-2 [De Stoppelaar et 
al,al, 1967]. Prior to inoculating the CDFF, 100 ml sterile stimulated human saliva was 
pumpedd into the CDFF for 3.5 h to form pellicles on the surfaces. Then, 15 ml of an 
overnightt culture of S. mutans was mixed with 500 ml growth medium and pumped 
intoo the CDFF for 8 h. After 8 h, the inoculum flask was disconnected. Sterile growth 
mediumm or 2% (w/v) sucrose solution was dripped into the system alternately by a 
peristalticc pump (Type MS-4/6-100, Ismatec, Zurich, Switzerland) at a rate of 0.5 
ml/min.. The sucrose was applied 4 times per day for periods of 30 min. The growth 
mediumm contained 3.7 g/L BHI medium (Difco, Laboratories, Detroit, Michigan, 
USA),, 1.5 mM CaCl2 and 25 mM PIPES buffer. pH was adjusted to 7.0 by the 
additionn of 5 A/KOH. The whole experiment lasted 15 days. 

Thee Regime of the Treatments 

Onn day 15, specimens were removed from the CDFF before the start of a next sucrose 
pulse.. S. mutans bioflhns, either left undisturbed or removed from the dentin discs, 
weree treated outside the CDFF. The treatment solutions included sterile Milli- Q water, 
0.05%% and 0.2% chlorhexidine digluconate solutions. Four groups were defined 
accordingg to the status of the biofilm cells and the type of the substratum. They were 
undisturbedd biofilms in grooves (GU), undisturbed biofilms on surfaces (SU), 
dispersedd biofilm cells from grooves (GD), and dispersed biofilm cells from surfaces 
(SD).. The regime of the treatments is illustrated in figure 1. 

Forr groups GU and SU, the specimens with biofilms were placed in 4 ml treatment 
solutionss for 10 min. Then all samples were rinsed with Milli- Q water to remove the 
treatmentt solutions and kept in 40 ml cysteine peptone water (CPW) for 60 min at 
37°C.. Then the samples were transferred to 100 ul 1% glucose solutions for 10 min in 
orderr to test the acidogenicity of the biofilms. The reaction was stopped by placing 
thee samples on ice. The biofilms were removed from the respective surface into the 
glucosee solution for viability and acid production analysis. 
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Forr groups GD and SD, S. mutatis biofilms were first removed from the grooves or 
thee surfaces of dentin and mixed thoroughly with 100 ul of treatment solutions for 10 
min.. Treatments were stopped by adding 10 ml Milli- Q water. Supernatants were 
discardedd after centrifugation (10 min, 13000 rpm, 20°C). The cells were kept in 1 ml 
CPWW for 60 min at 37°C, after which cells were harvested by centrifugation (10 min, 
130000 rpm, 20°C). Then 100 ul 1% glucose solution were added to the cells for 10 
min,, the reaction was stopped by placing the glucose solution with the cells on ice. 

Removingg bacterial cells from the dentin grooves was done by repeated scraping 
withh 3 consecutive sterile paper points (size #20, QDENT; NDO Leeflang, the 
Netherlands).. This method was discussed in detail by Deng et al [2004a]. The 
biofilmss on the surfaces were removed by microbrushes (regular size, Microbrush 
Internationall  Ltd, Ireland). 

Assessmentt of Viabilit y and Acidogenicity 

Thee biofilm samples were dispersed by sonicating on ice for 30 s and vortex mixing 
forr 30 s. Aliquots of each sample (10 \i\) were plated on BHI agar plates after serial 
dilution.. The plates were incubated anaerobically at 37°C for 3 days. 

Thee remainder of each of the samples was placed in a water bath at 80°C for 5 min 
andd centrifuged for 15 min at 13000 rpm at 4°C (Heraeus centrifuge, Dijkstra bv, the 
Netherlands).. The supernatants were analyzed for organic acids by capillary 
electrophoresis.. The pellets were determined for protein content by Bradford's 
methodd [Damen et ai, 2002]. 

Statisticc Analysis 

Alll  statistical analyses were performed with SPSS (Version 9.0). The output variables 
weree viable counts and lactic acid production of the biofilm cells. The efficacies of 
thee treatments on these among the four groups were compared by two-way Analysis 
off  Variance (ANOVA). The data of the four groups under water application were also 
comparedd by one-way ANOVA. 
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onee pulsing cycle in the CDFF 

Growthh medium 5.5h 2%% sucrose 0.5 h 

Biofilmm samples 

GUU and SU groups 

Treatments s 

Stoppedd treatments by dilution 

GDD and SD groups 

Removee biofilm cells from substrata 

Treatments s 

Storee in CPW Stoppedd treatments by dilution 

Applyy 1% glucose Storee in CPW 

Removee biofilm cells from substrata Applyy 1 % glucose 

Measuree viable counts and acid production Measure viable counts and acid production 

Fig.. 1. The regime of the treatments. GU: undisturbed biofilms in dentin grooves; SU: 
undisturbedd biofilms on dentin surface; GD: dispersed biofilm cells from dentin 
grooves;; SD: dispersed biofilm cells from dentin surface. The treatments included 
sterilee water, 0.05% and 0.02% chlorhexidine digluconate. 

Results s 

Viabilit yy of the Biofilms 

Afterr 15 days, biofilms were visible in the dentin grooves and on the dentin surfaces. 
Thee viability of biofilm cells after water treatment was similar among the groups 
(dataa not shown). These values served as baseline for each group to calculate the 
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percentagee of survival of the biofilm cells after treatment (Figure 2). In all groups a 
significantt effect of chlorhexidine was observed, which was generally dose-dependent. 
Thee magnitude of this effect was different among the experimental groups. In group 
GU,, the 0.2% chlorhexidine treatment resulted in only 94% reduction in viability, 
whilee the other groups showed more than 99.8% reduction. Since the viable counts in 
thee latter three groups had all dropped to or under the detection limit, the precise 
efficacyy of the treatments could not be compared. 

Thee difference between the groups was also seen, though less pronounced, after 
0.05%% chlorhexidine treatment, where no reduction was found for group GU, and 
aroundd 90% reduction for the other three groups. No difference in reduction of 

Fig.. 2. The percentage survival of 
biofilmm cells after 0.05% and 0.2% 
chlorhexidinee treatments in four 
groups.. The percentage was 
calculatedd by considering the 
viablee cells after water treatment at 
100%.. GU: undisturbed biofilms in 
dentinn grooves; SU: undisturbed 
biofilmss on dentin surface; GD: 
dispersedd biofilm cells from dentin 
grooves;; SD: dispersed biofilm 
cellss from dentin surface. The dark 
horizontall  line marks the detection 
limitt (n = 4). 

Variouss organic acids were produced by biofilm cells after 1% glucose applications. 
Lacticc acid was the predominant acid. There were also traces of acetic acid and 
propionicc acid. As viability, lactic acid produced after the chlorhexidine treatments 
wass calculated as percentage of the values found after water treatment (Figure 3). In 

viabilityy was found between group SU and SD. 

00 0.05 0.1 0.15 0.2 0.25 

chlorhexidinee concentration (%) 

Lacticc Acid Production of the Biofilms 
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alll  groups, a significant reduction of lactic acid production was seen after 0.05% 
chlorhexidinee treatment and no further reduction was observed after 0.2% 
chlorhexidinee treatment. When the effects of the chlorhexidine were compared among 
thee groups, it was observed that they increased in the order: GD > SD > SU > GU, 
althoughh the differences did not reach significance. 
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Fig.. 3. The percentage of 
lacticc acid produced by 
biofilmm cells after 0.05% and 
0.2%% chlorhexidine treatments 
inn four groups, when 
comparedd to those after water 
treatment.. GU: undisturbed 
biofilmss in dentin grooves; 
SU:: undisturbed biofilms on 
dentinn surface; GD: dispersed 
biofilmm cells from dentin 
grooves;; SD: dispersed bio-
filmfilm  cells from dentin surface 
(nn = 4). 

Discussion n 

Inn this study, cells dispersed from biofilms and cells in undisturbed biofilms were 
comparedd for their susceptibility to chlorhexidine in terms of both viability and 
acidogenicity.. The effect of the geometry of the substratum, with or without grooves, 
onn this susceptibility was also investigated. 

Inn a previous study, when growing S. sanguis biofilms on filter membranes, 
Millwardd and Wilson [1989] found a significant resistance to chlorhexidine for the 
cellss in undisturbed biofilms when compared to the dispersed cells. It was assumed 
thatt the suprastructure of biofilms protect the cells from the killing effect of 
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chlorhexidine.. However, in the current study, no different reduction in viability was 
observedd between the two types of cells when the biofllms were grown on the surface. 
Onlyy when the biofllms were grown in the grooves, significantly less reduction in 
viabilityy was seen for the cells in undisturbed biofllms than for the disrupted cells. It 
seemedd that the suprastructure of biofllms per se could not protect cells but the 
geometryy of the grooves might restrict the access of chlorhexidine and therefore have 
protectedd the cells. The different results between our study and the cited study might 
bee caused by the different growth conditions and different bacterial species in the two 
studies. . 

Wee noticed that biofilm cells in the current study, even after being dispersed, were 
moree resistant to chlorhexidine than cells grown in broth. In a pilot study, we grew S. 
mutansmutans in brain heart infusion overnight and even 0.001% chlorhexidine induced 1-
1.55 log reductions (data not shown). In this study, to achieve the same reduction in the 
dispersedd biofilm cells, 0.05% chlorhexidine treatment was needed. Since dispersed 
cellss can come in close contact with chlorhexidine after being dispersed, we presume 
thatt the increased resistance might be related to a phenotypic change of the cells when 
theyy are grown as biofilm. 

Thee results from group GU showed a reduction in lactic acid production induced by 
0.05%% chlorhexidine treatment when there was no decrease in viability, which 
confirmedd the findings from clinical and other in vitro studies [McDermid et al, 1985; 
Gerarduu et al, 2003]. It is documented that the damage in bacterial cells by 
chlorhexidinee was reversible when the concentration of chlorhexidine was low 
[Denton,, 2000]. Therefore, we hypothesize that the metabolic activity of cells was 
impairedd by the treatment, evidenced by a reduction of acid production, but that the 
cellss recovered during growing on the agar plates for three days, resulting in no 
observablee decrease in viability. 

Inn conclusion, the differences in the susceptibility to chlorhexidine between the 
cellss dispersed from biofllms and the cells in undisturbed biofllms were influenced by 
thee structure of the substratum. The changes in acid production of bacterial cells after 
chlorhexidinee treatment did not necessarily follow the changes in viability. 
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Summaryy and Discussion 

Summary y 

Accumulatingg evidence has shown that most bacterial cells, including dental bacteria, 
inn nature exist in biofilms and that the properties of biofilms are different from those 
inn suspensions [Costerton et al, 1995; Marsh, 1995]. For instance, bacterial cells in 
biofilmss are more resistant to antimicrobial agents than planktonic cells [Gilbert et al, 
1997].. These different properties might be due to changes in the phenotype of the 
cells,, a diffusion barrier created by the biofilm matrix or to cell-to-cell com-
munication.. Therefore, it is important to study bacteria in their biofilm habitat. 

Inn studies relevant to dental caries, various biofilm models have been developed to 
investigatee different aspects of dental biofilms [Froeliger and Fives-Taylor, 2001; Loo 
etet al, 2003] or the effects of caries preventive agents on dental biofilms [Shapiro et 
al,al, 2002]. However, so far no biofilm model has been developed to study all elements 
inn the process of caries formation: bacterial viability, acid formation, demineralization 
andd remineralization. The Constant Depth Film Fermentor (CDFF), as a biofilm 
model,, has been shown to give a good reproducibility among the specimens and more 
importantly,, its design simulates the mouth condition. The CDFF hence had potential 
too be further developed as a caries model. 

Thee purpose of this thesis was to develop a CDFF caries model as a de-
mineralizationn and re-mineralization biofilm model and to explore the application of 
thiss model in studies of caries preventive agents, notably fluoride and chlorhexidine. 

Inn chapter  1, the importance of studying bacteria as a biofilm, especially the 
importancee of recognizing dental plaque as a dental biofilm, was explained. Various 
biofilmm models were summarized for their application in caries studies and the need 
forr developing a biofilm caries model was emphasized. At the end, the application of 
biofilmm models for testing chlorhexidine was discussed. 

Inn chapter  2, the reasons for choosing the CDFF were given in the introduction. By 
growingg Streptococcus mutans biofilms in dentin with grooves or on dentin surfaces 
inn the CDFF for 20 days, we studied the effect of sucrose pulsing frequency (SPF) in 
timee on dentin demineralization. During the course of the experiments, 2% sucrose 
wass pulsed either 4 or 8 times per day for periods of 30 min. The growth medium (3.7 
g/LL BHI, 1.5 mM calcium and 25 mM PIPES) was pulsed alternately. Specimens with 
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intactt biofilms were removed from the CDFF at various time points during the 20-day 
experiment.. The model was assessed by viable counts of the biofilms, mineral loss 
andd lesion depth in the dentin specimens (by transversal microradiography) and pH 
measurementss in the groove (by pH microelectrode). 

Thee results showed that lesions with intact surfaces had formed underneath the 
biofilms,, in both dentin grooves and dentin smooth surfaces, 5 days after the 
inoculation.. The lesion size increased significantly over time and increased 
significantlyy with increasing SPF. This finding parallels clinical studies. Moreover, a 
linearr relationship between mineral loss and time was found in the current study, 
whichh indicates that demineralization kinetics in this biofilm model were similar to 
thosee in situ. We concluded that the CDFF could be used as a demineralization 
biofilmm model if a modified growth medium and carbohydrate regime were used. 

Inn this study, the pH of the biofilms grown in the grooves was determined and 
typicall  'Stephan curves' were measured within one cycle of sucrose and growth 
mediumm administration. The pH inside the groove returned to neutral under low SPF, 
butt remained below 6.5 under high SPF. This finding indicated that under low SPF, 
remineralizationn might take place in dental tissue specimens in the CDFF model. 

Sincee the abovementioned study was not designed to convincingly show that 
remineralizationn did occur in the CDFF biofilm model, in chapter  3 remineralization 
wass studied in more detail. More specifically, it was studied whether fluoride or the 
combinationn of fluoride and chlorhexidine treatment could shift the de- and re-
mineralizationn balance in this biofilm model. The same growth medium was used in 
thiss study because the calcium and phosphate contents chosen for this medium were 
identicall  to those in traditional remineralization solutions. In order to compare two 
treatmentss within one experiment, the CDFF apparatus was modified into a split 
model,, in which the turntable not only rotates 360° but also oscillates over 180° so 
thatt it could be divided into two independent parts. S. mutans biofilms were grown in 
groovess in bovine dentin specimens for 20 days. Growth medium (3.7 g/L BHI 
containingg 0.9 mM phosphate, 1.5 mAf calcium and 25 mM PIPES) was administrated 
alternatelyy with 2% sucrose pulsing 4 x 30 min/day. Fluoride at 135 ppm as NaF or in 
aa mixture with 0.2% chlorhexidine was applied 2 x5 min/day to either side of the 
CDFF,, respectively, during the second phase of the experiments (day 5-20) after the 
initiall  period of biofilm formation. Specimens were removed at various time points. 
Thee biofilms were checked for viability (by plating) and acid production (by capillary 
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electrophoresis).. The dentin specimens were analyzed for mineral loss and lesion 
depthh (by transversal microradiography). 

Thee results showed that fluoride treatment did not have an effect on the viability, 
althoughh it reduced lactic acid production by 75% from the first day of treatment. 
Thiss treatment did not stop lesion progression, but resulted in partial remineralization 
off  the lesions. In contrast, the mixture treatment caused a drop in viability to 21.4% 
andd in lactic acid production to 6.7% on the first day of treatment when both were 
comparedd to the pre-treatment values. The treatments further decreased these two 
parameterss to below the detection limit from the third day til l the end of the 
experiment.. Net lesion remineralization was found at the end of the experiment. 
Thesee results indicated that conditions could be chosen such that remineralization can 
occurr in the CDFF biofilm model. The additional experiments showed that similar 
lesionss were formed on the two sides of the split CDFF and that there was no carry-
overr between the two sides. The split model design, which allows the same initial 
biofilmss to be formed at both sides, is thus proven to be applicable to study two 
experimentall  conditions in one CDFF experiment. 

Inn chapter  4, the CDFF biofilm model, as a caries model, was further studied for its 
applicationn in testing caries preventive agents. The decrease and recovery of viability 
andd acidogenicity of 5. mutans biofilms and the change of lesion formation in dentin 
weree examined in the split CDFF biofilm model during and after periodic application 
off  chlorhexidine or a combination of fluoride and chlorhexidine. For this, 0.05% 
insteadd of 0.2% chlorhexidine treatments was chosen. Again, S. mutans biofilms were 
grownn in grooves in bovine dentin for 20 days. The growth condition was the same as 
inn last study (Chapter 3). Between day 6 and 12, 0.05% chlorhexidine only or 
combinedd with 135 ppm F" was pulsed 2 x 5 min/day to either side of the CDFF, 
respectively.. Specimens were removed before the start of treatments, during 
treatmentss and after stopping the treatments. Biofilms and underlying dentin were 
analyzedd as in previous experiments. 

Thee results showed that viability and lactic acid production of biofilm cells 
decreasedd during the treatments and partly recovered when the treatments were 
discontinued,, although this recovery took at least 4 days to start. Treatments with 
chlorhexidinee only or combined with fluoride did not result in different responses in 
viabilityy and lactic acid production of biofilm cells. Lesion formation in the dentin 
groovess did not change consistently with the change of viability and lactic acid 
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production,, particularly in the chlorhexidine only group: when treatments were given 
thee lesion size still increased. The addition of fluoride to the treatment resulted in 
remineralizationn at the entrance of the grooves but not at the bottom. This study 
confirmedd that the split CDFF biofilm model is suitable to investigate the effects of 
cariess preventive agents on various aspects of the caries process. In addition, the 
resultss indicated that there was no synergistic effect of the combination of fluoride 
andd chlorhexidine on the metabolic activity and the growth of biofilm cells. There 
wass a delayed recovery of biofilm cells when the antimicrobial treatments had been 
stopped. . 

Sincee one feature of biofilms is that the bacterial cells are grown and attached on 
substrata,, the choice of substratum might affect the properties of the biofilms 
includingg the susceptibility of the biofilms to antimicrobials. In chapter 5, dentin and 
polyacrylatee (PA) as substrata for biofilm formation were compared in terms of pH 
profiless after sugar challenge, as well as biofilm susceptibility to chlorhexidine. S. 
mutansmutans biofilms were formed in grooves in dentin and PA in the CDFF by pulsing 
withh 2% sucrose and growth medium alternately for 20 days. To test the properties of 
thee thus formed biofilms, samples were removed from the CDFF at various time 
points.. A series of pH profiles of the biofilms was measured by pH microelectrode in 
aa flow reactor. These pH profiles included pH in the biofilms during the sucrose-
growthh medium cycle in the CDFF; pH in the biofilm upon termination of the 30 min 
sucrosee challenge in the CDFF; pH recovery of biofilms in pH 7.0 buffers and pH 
responsee to short sugar treatment. Also, 15-day biofilms were treated with either 
waterr or 0.2% chlorhexidine and subsequently tested for viability and metabolic 
activity.. The latter was assessed by lactic acid production after 2-min 1% glucose 
immersion. . 

Thee pH profiles showed that in PA grooves, compared to dentin grooves, the 
minimumm pH was lower but recovered faster after sucrose pulse. pH response to short 
sugarr application decreased with the age of biofilms more in PA than in dentin 
grooves.. With chlorhexidine treatment, the biofilms in PA grooves gave greater 
reductionss in viable counts and acid formation than in dentin. We assumed that the 
differencess in pH profiles of the biofilms in dentin and in PA grooves were due to the 
differentt solubility of dentin and PA upon acid attack. Phosphate and hydroxyl ions 
releasedd from dental hard tissues during episodes of low pH change the pH response 
off  the biofilm. Testing the susceptibility of biofilm cells to chlorhexidine further 

84 4 



Summaryy and Discussion 

showedd that the nature of the substratum not only affected the pH response of 
biofilms,, but also their susceptibility to antimicrobials. 

Inn chapter  6, cells in undisturbed biofilms and cells dispersed from biofilms were 
studiedd for their susceptibility to chlorhexidine. Different from other biofilm studies, 
thee susceptibility of the cells was evaluated not only by the viability but also by the 
acidogenicityy of the cells. In addition, the effect of the geometry of the substratum on 
thee comparison was studied. S. mutans biofilms were grown either in dentin with 
groovess or on dentin surfaces in the CDFF by pulsing with 2% sucrose and growth 
mediumm alternately for 15 days. At the end of the experiment, the specimens were 
removedd from the CDFF. The biofilm cells, either undisturbed or removed from the 
specimens,, were treated with sterile water, 0.05% and 0.2% chlorhexidine for 10 min. 
Viabilityy of the cells and acid production after a 10-min 1% glucose application were 
measuredd by plating and by capillary electrophoresis, respectively. 

Thee viable counts and the lactic acid production in the cells after water treatment 
weree calculated and used as baseline values. An effect of chlorhexidine on the 
viabilityy of biofilm cells was observed in all groups, which effect was also dose-
dependent.. The reduction in viability of the cells in undisturbed biofilms in dentin 
groovess was much less than in the other three groups after both chlorhexidine 
treatments.. A significant reduction in lactic acid production in all groups was seen 
underr 0.05% chlorhexidine treatments, and no further reduction was observed under 
0.2%% chlorhexidine. The magnitude of the effect of chlorhexidine on lactic acid 
productionn was not significantly different among the groups. In conclusion, the 
geometryy of the substratum substantially affects the antimicrobial susceptibility of the 
biofilms.. The changes in acid production of biofilm cells did not always follow the 
changess in viability. 

Discussion n 

CDFFF Biofilm Model 

Inn this thesis, we were able to show that the CDFF biofilm model can be used as a 
cariess model. Especially, in the split mode, the CDFF was suitable for studying caries 
preventivee agents. Furthermore, by studying the biofilms grown in the CDFF, we 
couldd show that the nature of the substratum affected the pH response of biofilms and 
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theirr susceptibility to antimicrobials. Also, the geometry of the substratum affected 
thee susceptibility of the biofilms to antimicrobials. 

Thee advantages of using a CDFF biofilm model were summarized in chapter 2 
fromfrom the studies completed by other groups. With the CDFF studies in this thesis, we 
concludedd that the CDFF also has advantages in studying biofilm induced de- and 
remineralizationn and in assessing caries preventive agents. First, a good repro-
ducibilityy among the specimens was found not only in viability of the biofilms, as had 
previouss been shown [Wilson, 1999], but also in the acidogenicity of the biofilms 
(dataa not shown) and the lesion formation in dentin (Chapter 3). Second, in flowcell 
models,, dentin or enamel specimens, onto which biofilms are grown, are surrounded 
byy a big volume of liquid. Lesions formed in the dental hard tissue are, in such 
models,, not only due to the biofilms but also to the surrounding liquid. In the CDFF, 
thiss problem does not occur since the medium given is smeared as a thin film flowing 
overr the specimens. Lesion formation is therefore caused only by the biofilms grown 
onn the specimens. Third, since only a small volume of solution flows over the 
specimenss in the CDFF, the contact time of caries preventive agents is more realistic, 
whenn compared to a flowcell or chemostat model. Last, the automatic controls of the 
inlett and outlet pumps make it suitable for long term experiments, which is required 
forr demineralization and remineralization studies. 

Theree are, however, also a few limitations of the CDFF model. The CDFF is 
probablyy the most complicated biofilm model. The preparation for an experiment 
includingg preparation of more than fifty dentin discs and the maintenance of the 
CDFFF during a 3-week experiment involved a lot of work and was very time 
consuming.. Since specimens were placed next to each other and all biofilms were 
grownn in one system, a contamination might affect all the samples. With respect to an 
evaluationn of antimicrobials, the CDFF biofilm model was not suitable for screening 
off  multiple products and dose response measurements, since only two different 
treatmentss could be applied to the system at one time. Although a good 
reproducibilityy among the specimens has been shown within one CDFF experiment, 
thee reproducibility between the experiments was not always promising. In the 
consecutivee CDFF experiments, the output parameters, such as viability and acid 
productionn of biofilm cells and lesion size in dentin, were not always consistent 
betweenn the experiments when the growth conditions were identical. The split mode 
off  the CDFF improved this reproducibility by comparing the efficacy of two 
treatmentss within one experiment instead of between two independent experiments. 
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Inn this thesis, the CDFF biofilm model was only tested for single-species inoculum. 
Studiess in other research groups and by our group have shown that nine bacterial 
speciess can grow together well in the CDFF. Since the dental plaque biofilm is a 
multi-speciess community, caries formation under multi-species biofilm in the CDFF 
shouldd be further studied, which might help us understand the role of multi-species, 
suchh as their combined buffer capacity or the interactions between the species, in the 
processs of caries. Moreover, the CDFF biofilm model, compared to a flowcell or 
chemostatt model, is the preferred model to realistically study the release and the 
retentionn of caries preventive agents in a biofilm. 

Effectt  of Bacterial Cell Numbers on the Action of Chlorhexidine 

Inn chapter  5, the biofilms in polyacrylate (PA) grooves were more sensitive to 
chlorhexidinee treatment than those in dentin grooves. One possible reason is that the 
numberr of viable cells forming a biofilm in PA was significantly lower than in dentin 
afterr water treatment. However, the protein measurements indicated that the biomass 
inn the two groups of biofilms was similar (data not shown). The question is whether 
thee number of viable cells or the total biomass could affect the efficacy of 
chlorhexidine.. In the dentin and PA group, the number of viable cells was different 
butt total biomass was similar, which indicated that the number of dead cells or the 
amountt of biofilm matrix was different. What could the role of dead cells be in the 
efficacyy of chlorhexidine? 

Too answer these questions, two experiments were carried out. S. mutans CI80-2 
wass grown in brain heart infusion medium until they reached exponential phase. In 
experimentt 1, three groups containing 108, 109 and 1010 CFU/ml living cells, 
respectively,, were prepared and were treated with 0.005%, 0.01% and 0.02% 
chlorhexidinee digluconate for 5 min. The treatments were stopped by adding 
neutralizerr solution (30 g lecithin, 30 g polysorbate 80, per liter, adjusted to pH 7.2). 
Thee survival of the cells was determined by plating. In experiment 2, three groups 
containingg 108, 109, 1010 ml"1 of dead cells were each mixed with 108 CFU/ml living 
cells,, respectively. The dead cells were prepared by placing a culture at 60°C for 30 
min.. Chlorhexidine treatments were carried out on these groups as in experimentt 1. 

Thee results are shown in figure 1 and figure 2. It was observed that the total 
numberr of cells, no matter whether the cells were alive or dead, greatly affected the 
killin gg efficacy of chlorhexidine. With increasing number of cells, the efficacy of 
chlorhexidinee decreased. When the number of dead cells was more than 10 times the 
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viablee cell count, the viable cells were protected by the dead cells from the effect of 
chlorhexidine.. This protection increased with increasing numbers of dead cells. A 
similarr phenomenon was shown by Johnston et al. [2000]. They found that a small 
variationn in the inoculum size had a significant effect on the efficacy of disinfectants. 
Itt was assumed that intrinsic self-quenching of the disinfectants by the microbes 
occurredd during the course of the experiment. 

1000% % 1000%% -i 

00 0.005 0.01 0.015 0.02 0.025 

chlorhexidinee (%) 

0.0055 0.01 0.015 0.02 0.025 

chlorhexidinee (%) 

Fig.. 1. The percentage of survival of 
S.mutansS.mutans cells after 5-min chlorhexi-
dinee treatment, a: 108 viable cells 
group;; b: 109 viable cells group; c: 1010 

viablee cells group. The treatments 
solutionss were: sterile Milli- Q water, 
0.005%,, 0.01% and 0.02% chlorhexi-
dinee digluconate. 

Fig.. 2. The percentage of survival of 
S.mutansS.mutans cells after 5-min chlorhexi-
dinee treatments, a: 10s viable cells 
+1088 dead cells group; b: 108 viable 
cellss +109 dead cells group; c: 108 

viablee cells +1010 dead cells group. The 
treatmentss solutions were: sterile Milli -
ess water, 0.005%, 0.01% and 0.02% 
chlorhexidinee digluconate. 

Inn biofilms, there are various types of cells, such as slow growing cells, fast 
growingg cells, dead cells etc. In one pilot study, we found that the number of dead 
cellss increased when the biofilms aged (data not shown). The protection resulting 
fromm the presence of the dead cells, as illustrated by the abovementioned studies 
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mightt account for an increased antimicrobial resistance of aged biofilms. We assume 
thatt this phenomenon is very relevant for dental plaque which presumably has large 
numberss of dead cells in the plaque interior. 
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Samenvatting g 

Fluoridee is bekend als effectief cariësremmend middel. Sinds fluoride in de tandzorg 
eenn plek heeft gekregen, is de cariësprevalentie aanzienlijk gedaald. 

Echterr voor patiënten met een hoog cariësrisico kan fluoride alleen, zelfs in hogere 
concentraties,, het ontstaan van cariës niet voorkomen. Antimicrobiële middelen 
wordenn geopperd als aanvulling of alternatief in de preventie van cariës. Het 
preventievee effect van deze middelen wordt eerst in vitro getest, alvorens deze 
middelenn klinisch worden getoetst. Een deugdelijk 'mondmodel' waarvan zowel de 
bacteriënn als het cariësproces deel uitmaken, is hiervoor nodig. Onderzoek heeft laten 
zienn dat vrijwel alle bacteriën, ook de mondbacteriën, in zogenaamde biofilms leven. 
Dee eigenschappen van bacteriën veranderen wanneer zij in een biofilm groeien. Om 
dezee reden zal een 'mondmodel' dat het preventieve effect van antimicrobiële 
middelenn test, een biofilm model moeten zijn. De Constant Depth Film Fermenter 
(CDFF)) laat, als biofilm model, een goede simulatie van de mond zien, evenals een 
goedee testreproduceerbaarheid. 

Doell  van dit proefschrift was om de CDFF verder te ontwikkelen als cariësmodel 
omm dit vervolgens te gebruiken in de studie naar cariëspreventieve middelen, in het 
bijzonderr fluoride en chloorhexidine. 

Inn de beschreven studies wordt een cariës pathogene bacterie, Streptococcus mutans 
gekweektt als biofilm in de CDFF. Stukjes tandbeen (al dan niet met groeven) werden 
gebruiktt als ondergrond (substraat) voor deze biofilm. 

Inn hoofdstuk 2 wordt aangetoond dat zich ontkalkingen (laesies) kunnen 
ontwikkelenn in tandbeen dat bedekt is met biofilm. De grootte van de laesies nam toe 
inn de tijd als ook met de toegediende hoeveelheid suiker. De conclusie luidde dat de 
CDFFF gebruikt kan worden als demineralisatie (ontkalkings-) model waarmee cariës 
kann worden nagebootst. 

Inn de CDFF werd herstel van de laesies gezien nadat fluoride al dan niet in 
combinatiee met chloorhexidine was toegediend, aldus hoofdstuk 3. Deze bevinding 
maaktt de CDFF tot een geschikt remineralisatie model. 

Inn hoofdstuk 4 werd de concentratie chloorhexidine verlaagd. Vervolgens werd het 
effectt van de combinatie fluoride-chloorhexidine op biofilms en laesievorming in 
tandbeenn vergeleken met de toediening van chloorhexidine alleen. De resultaten laten 
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zienn dat de CDFF een geschikt cariësmodel is en dat de CDFF gebruikt kan worden 
omm het effect van carièspreventieve middelen te testen. 

Hoofdstukk  5 behandelt het effect van het substraat op de biofilmvorming; hierbij 
werdenn tandbeen en polyacrylaat (PA) bestudeerd. De resultaten gaven aan dat het 
typee substraat niet alleen de pH-respons van de biofilm beïnvloedde, maar ook de 
gevoeligheidd van de biofilm voor antimicrobiële middelen. 

Tenn slotte wordt in hoofdstuk 6 de gevoeligheid van bacteriën voor chloorhexidine 
naderr onderzocht. Bacteriën die in een biofilm ongestoord hebben kunnen groeien, 
wordenn vergeleken met solitair levende soortgenoten eveneens oorspronkelijk 
verkregenn uit de biofilm. Het effect van aanwezige groeven in het substraat is 
meegenomenn in deze vergelijking. Aangetoond werd dat dergelijke groeven de 
gevoeligheidd van de biofilm voor antimicrobiële middelen beïnvloedden. 

Conclusie e 

Dee CDFF kan worden gebruikt als cariësmodel. Het is een geschikt model om het 
effectt van cariëspreventieve middelen op het cariësproces te testen. Het type substraat 
alss mede de aanwezigheid van groeven hierin kunnen de eigenschappen van de 
biofilmm significant beïnvloeden, met name de gevoeligheid hiervan voor 
antimicrobiëlee middelen. 
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