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Chapterr 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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Substratumm Effects on Biofilms 

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). 

65 5 



Chapterr 5 

~~ 9.0-1 
E E 
33 8.5-

£ 8 . 0 0 
.o o 

BB 75 

II 7.0 
o o 
II 6.5 
CD D 

>> 6.0 

GG water-treated 

DD CHX-treated 

dentin n PA A 

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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