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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 
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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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