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Chapterr  IV 

Confocall  microscopy study of undisturbed and chlorhexidine-treated 

dentall  biofilm 

Thiss chapter has been published as: 

ZAURA-ARITEE E, VANMARLEJ, TENCATEJM (2001). Confocal microscopy study 
off  undisturbed and chlorhexidine-treated dental biofilm. J Dent Res 80:1436-
1440. . 





Undisturbedd and chlorhexidine-treaied dental bioillm 

ABSTRACT T 

Culturingg of dispersed plaque samples and vitality staining of plaque smears are the 
mostt commonly used methods for evaluating the effects of antimicrobials on dental 
plaque.. The visualization of the antimicrobial action on oral biofilm present on the 
substratee surface (in situ) would add valuable information to the existing knowledge 
aboutt the treatment effects. This study aimed at combining the advantage of confocal 
laserr scanning microscopy (CLSM) to visualize plaque non-destructively with a vitality 
stainingg technique to assess the immediate bactericidal effect of ehlorhexidine (CHX) 
onn biofilm. Three 200-//m-wide grooves were cut into bovine dentin discs for plaque 
accumulation.. The discs were worn by six subjects for 6. 24 and 48 hrs, then broken 
intoo halves, one of which received a one-minute extra-oral 0.2% CHX treatment, while 
thee other served as control. Both halves were stained for vital fluorescence 
measurementss and visualized by CLSM. Plaque vitality (in %) was quantified by image 
analysiss in three plaque layers - outer, middle and inner. The CHX effect was 
significantt in 6-hour samples (/><().001) and only in the outer layer of the 24- and 48-
hourr plaque (/><0.001) demonstrating a resistant nature of dental biofilm to a single 
CHXX treatment. With the present approach, we have shown that it is possible to 
visualizee and quantitate the antimicrobial treatment effect on biofilm still present on the 
substratee on which it was grown, 

INTRODUCTIO N N 

Dentall  caries remains prevalent at plaque-retention sites despite fluoride 

treatments.. For caries incidence to be decreased in high-caries-risk patients, 

additionall  antimicrobial treatments such as ehlorhexidine (CHX) rinses, gels or 

varnishess are advised. Oral micro-organisms grown in biofilms are shown to be 

upp to 250 times more resistant to CHX than their planktonic counterparts (Pratten 

andd Wilson, 1999). Even after a 60-minute exposure to 0.2% CHX, substantial 

numberss of bacteria in the biofilm remained vital (Wilson et ai, 1998). 

Theree are several ways to evaluate the effects of antimicrobials on plaque 

flora,, such as culturing of plaque or saliva, and vitality measurements of plaque 

smearss with fluorescence techniques. With the Confocal Laser Scanning 

Microscopyy (CLSM) approach it is possible to visualize the biofilm in situ (on 

thee substrate on which it was grown) without disturbing its natural hydrated 

structuree (Palmer and Sternberg, 1999). Until now the visualization of the 
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antimicrobiall  effect on oral biofilm remaining on the substrate surface has not 

beenn reported. 

Thee aims of the present study were: (1) to visualize the undisturbed plaque 

grownn at a retention site; (2) to determine the vitality pattern in 6-, 24-, and 48-

hour-oldd plaque; and (3) to estimate the bactericidal effect of a single ex vivo 

CHXX treatment on plaque at the retention site. 

MATERIAL SS AND METHODS 

Thee study subjects were six healthy volunteers (aged 28 to 54 years; median, 36 

yrs),, three of them heavy-plaque-formers (subjects A-C), and three light-plaque-

formerss (subjects D-F), selected from a group of 17 subjects involved in a 

parallell  study on the basis of the average protein amount in early (6-hour-oId) 

smooth-surfacee plaque samples. The study protocol was approved by the 

institutionall  review board, and informed consent was obtained from all subjects. 

Thee in situ bovine dentin groove model (Lagerweij et ai, 1996b) was used 

forr the collection of undisturbed plaque. In bovine dentin discs (6 mm in 

diameter),, three parallel grooves were cut perpendicular to the surface, each 200 

//mm wide and approximately 500 //m deep. The discs were fixed to acrylic 

appliancess and worn by the subjects for 6, 24, and 48 hrs. The subjects 

maintainedd their regular diet and retained the appliances intra-orally throughout 

thee experimental period, except during toothbrushing with NaF toothpaste twice a 

day.. During the handling of the appliance, care was taken not to disturb the discs. 

Forr all but subject D, the experiment was repeated. 

Thee specimens were removed from the appliances at the end of each 

experimentt and broken into halves along the middle groove. One of the halves 

wass covered with 50 //L of 0.2% CFFX digluconate (Corsodyl; SmithKline 

Beecham,, Amstelveen, The Netherlands) and treated for 1 min; the other half 

servedd as a control covered with 50 pL of saline. Both halves were rinsed in 2 

mLL of saline for 5 min, and subsequently were stained with 10 /vL of a staining 

solutionn containing 0.25 g/L ethidium bromide (EB, E-8751; Sigma-Aldrich 

Chemiee GmbH, Steinheim, Germany) and 2.5 g/L fluorescein diacetate (FDA, F-

7378;; Sigma-Aldrich Chemie GmbH, Steinheim, Germany) for vital fluorescence 

measurementss (Netuschil et ai.. 1989). EB is a red fluorescing nucleic acid stain 

thatt penetrates only bacteria with damaged membranes, while FDA is a non-
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fluorescentt cell-permeable dye that is converted to fluorescein (green) by intra-

cellularr esterases. The stained samples were washed by immersion in 2 mJL saline. 

Inn each sample. 2 representative sites were chosen for visualization with a 

Leicaa Confocal Microscope (excitation 488 nm; double detection BP520 for 

fluorescein.fluorescein. D650 for EB; objective 40x; NA 0.65). To compare the images, we 

keptt the laser power and pinhole settings constant, whereas images were adapted 

eachh time to the full dynamic range (8 bit) of the system. At each selected site, 

thee maximum scanning depth, which varied between 20 and 40 urn into the 

groove,, was determined, and the stack of 10 images (Fig. I A) was evenly 

distributedd over this maximum distance. At a depth of 15 pm. images of all 

sampless showed good resolution, and were chosen for image analysis. The images 

weree corrected for crosstalk and merged with Multicolor Analysis Software (Leica). 

Forr quantitative analysis, each plaque image was divided into three layers 

(Fig.. IB). Layer I (outer layer) bordered the lumen of the groove and was 5 pm 

thick.. Layer III (inner layer) bordered the dentin surface and equaled about 1/3 of 

thee plaque thickness. Layer II (middle layer) included the remaining plaque 

betweenn layers I and III . 

Too assess the plaque vitality per layer, we determined the average pixel 

intensityy for the green as well as the red signals (Leica Qwin Image Analysis 

Software).. The ratio of green signal over the sum of red and green signals was 

calculatedd and expressed as % of vital cells. This ratio was determined for each 

samplee at \5-pm depth into the groove. From the same image, the thickness of 

thee plaque was measured interactively at six equidistant intervals, and the average 

plaquee thickness per image was calculated. All statistical analyses were 

performedd with SPSS (Version 9.0). Kruskal-Wallis and Mann-Whitney tests 

weree used to detect the effect of CHX treatment on plaque vitality. 

Figur ee 1. (A) Schematic cross-

sectionn through a groove in a dentin 

(D)) disc with plaque (P) biofilm in 

thee groove. Horizontal lines 

representt a series of x-y scans 

obtainedd by CLSM. (B) Division of 

thee biofilm image of a selected x-y 

scann into three layers. I = outer 

layer,, bordering the lumen (L) of the 

groove:: II = middle layer; III = inner 

layer,, bordering dentin (D). 

B B 

| l ;; II III D 
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RESULTS S 

Plaquee structure 
Alll  specimens showed microbial colonization along the walls of the groove. After 

66 hrs, heavy-plaque-tonners (subjects A-C) had a distinct plaque layer or biofilm 

withh median thickness of 10 ,wm (range. 6 to 20 /vm). Light-plaque-formers 

(subjectss D-F) showed only isolated sparse clusters of cells. In the older 

specimens,, this difference had disappeared, and in all samples plaque was present 

inn the grooves as a biofilm. Table 1 shows the median thickness and the thickness 

rangee of 24- and 48-hour plaque samples per subject. The average plaque 

thicknesss was 27 //in (SD = 10.8) for 24- and 34.4 urn (SD = 11.4) for 48-hour 

plaque.. The 24- and 48-hour plaque showed open, complex, and heterogeneous 

architecturee varying highly not only among the subjects but also within a single 

groove.. In general, the complexity of the structure increased with increasing 

plaquee age (Figs. 2A, 2B) and thickness. In the thicker samples (Figs. 2B, 3A), it 

wass possible to recognize patterns in the structure, such as elongated cell clusters, 

positionedd perpendicularly to the outer surface of the plaque, and separated by 

cell-freee areas with smaller branches connecting the adjacent spaces. 

Tablee 1. The biofilm thickness after 24- and 48-hour plaque formation (values in ym are 

mediann and range). 

a a 
3Ject t 

A A 

B B 

C C 

D D 

E E 

F F 

24-hour r 

Control l 

444 (14-60) 

377 (20-53) 

29(19-40) ) 

144 (7-18) 

255 (20-32) 

19(9-31) ) 

24-hour r 

CHX X 

311 (9-61) 

399 (14-55) 

26(18-42) ) 

133 (4-20) 

199 (9^19) 

26(15-32) ) 

48-hour r 

Control l 

311 (22-56) 

433 (16-57) 

288 (19-63) 

322 (26-37) 

37(11-55) ) 

28(16-33) ) 

48-hour r 

CHX X 

388 (28-55) 

522 (39-63) 

32(17-53) ) 

27(19-43) ) 

311 (17-37) 

311 (13-38) 

aa Number of images per subject: n = A, except subject D (n = 2). 
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Figur ee 2. CLSM images of plaque from subject A. Dentin surfaces are at the right, lumen 

off the grooves at the left. Bars represent 10 /jm. (A) 24-hour-old plaque. Sparse vital 

(greenn color) cell clusters are interspersed with cell-free spaces and dead (red color) 

material.. (B) 48-hour-old plaque showing complex structure of vital cell clusters 

separatedd by cell-free areas. 

Figur ee 3. 24-hour biofilm from subject B. Dentin surfaces are at the right, lumen of the 

groovess at the left. Bars represent 10 /L/m. (A) Undisturbed biofilm. (B) CHX-treated 

biofilm.. Increased red fluorescence near the lumen of the groove indicates superficial 

bactericidall CHX effect on biofilm vitality. 
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Plaquee vitality 

Vitalityy of 6-, 24- and 48-hour plaque samples is shown in Table 2 under 

"Undisturbedd biofilm". Young plaque of light-plaque-formers (subjects D-F) 

showedd the lowest vitality. With increasing plaque age, the vitality increased, and 

thee difference between heavy- and light-plaque-formers disappeared. In the older 

plaque,, clusters of vital bacteria were intermingled with dead material. No 

generall  pattern for vitality distribution could be found, except in subject A. where 

thee samples showed lower vitality at the outer plaque surface (Fig. 2B). The same 

trendd was seen in the 24-hour samples from subject F. while an opposite trend 

wass observed in 24-hour samples from subjects B and C and in the 48-hour 

samplee from subject D. 

CHXX effect on plaque vitality 

Thee CHX effect on biofilm was seen as an increase in red fluorescence (Fig. 3B) 

indicatingg a decrease in vitality. The CHX effect on plaque vitality % per subject 

iss given in Table 2. In all subjects, there was an effect on 6-hour plaque, while 

onlyy subject D showed a decrease in vitality throughout a whole thickness of the 

24-- and 48-hour-old plaque. Fig. 4 shows the vitality distribution among the 

layerss of 24- and 48-hour-old plaque. Statistically significant differences 

(/?<0.001)) in control vs. treated groups were found only between the outer plaque 

layerss of older plaque and between the 6-hour plaque groups. 

Vitalityy (%) 

HD
 D
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24-hrr C 24-hr T 48-hr C 48-hr T 
Experimentall group 

Figur ee 4. Plaque vitality (%) in the outer, 

middle,, and inner plaque layers by 

experimentall group (24- and 48-hour control 

[C]] and CHX-treated [T] groups). N-22. Each 

boxx indicates the lower and upper quartiles: 

centrall line is the median. The points at the 

endss of the whiskers are the 2.5% and 97.5% 

values.. * p<0.001 vs. corresponding control. 
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Chapterr IV . 

DISCUSSION N 

Forr the first time, the non-destructive visualization of dental biofilm was 

combinedd with an assessment of the bactericidal effect of CHX on plaque. The 

structuree of 24- and 48-hour-old dental plaque resembled the spatially complex 

channell  system present in natural living biofilms generated under a range of 

environmentall  conditions (Costerton et al, 1995). A recent CLSM study (Wood 

etet al, 2000) showed similar structural findings on in situ-grown dental plaque. 

Largee inter-individual differences were found among the subjects in their 

plaquee vitality distribution. No consistent pattern was found, in contrast to the 

findingfinding of Netuschil el al (1998), who reported that living plaque micro-

organismss were located on top of a dense layer of dead material. The difference 

betweenn their and our results may be caused by various factors. First, their 

sampless were grown on smooth enamel and glass slabs as opposed to narrow 

dentinall  grooves, as in the present study. Second, the specimens in their study 

weree not viewed intact but were dried and fixed prior to being imaged by CLSM. 

Thus,, dense layers found might be artifacts of a desiccated biofilm. Third, in the 

above-mentionedd study, the CLSM images were evaluated by eye, which is an 

investigator-dependent,, subjective method. The additional difficulty of judging 

thee vitality distribution is that most often the staining technique does not 

distinguishh clearly between red and green ("dead" and "living") cells but gives 

intermediatee colors: yellow or orange. Our evaluation of vitality distribution 

includedd quantitative measurements for all images, and by analyzing three layers 

wee could estimate the vitality changes within the plaque depth. 

Ann increase in the plaque vitality over time, as found in the present study, 

iss in agreement with previous studies (Weiger et al, 1995, 1997). Additional 

four-hourr plaque samples were collected from subject B. who showed the highest 

6-hourr plaque vitality (up to 60%). and vitality of this very early plaque did not 

exceedd 20%. This might support the hypothesis of Weiger et al (1999), that dead 

ratherr than vital cells attach preferably to solid surfaces, although another 

explanationn could be that saliva has a pronounced antimicrobial effect (Tenovuo, 

1998)) on early plaque. 

Thee interpretation of vitality is difficult, as a variety of methods is 

availablee for assessment of the physiological states and activities of cells. The 
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onlyy consensus definition of bacterial vitality is demonstrable growth, which 

cannott be evaluated on biofilm in situ. The vitality of plaque microflora in the 

presentt study was assessed by intracellular enzyme (esterase) activity and cell 

membranee integrity. The choice of the FDA/EB technique was due to the well-

documentedd experience on the staining of dental plaque (Netuschil et ai, 1989, 

1998;; Brecx et ai, 1990) and due to unrestricted dye penetration into the oral 

biofilm,, shown in a series of pilot experiments prior to the current study. A 

disadvantagee of fluorescein is that it is not retained in the cells for a prolonged 

time.. All measurements had to be performed within 15 min after the staining. 

Althoughh there are commercially available microbial viability kits, none of those 

iss sufficiently validated for staining multi-organism systems or biofilms. 

Thee present study investigated the ex vivo immediate bactericidal effect of 

CHXX on plaque, simulating a single CHX rinse used in a clinical situation. In the 

studyy on the CHX mechanism of action (Jenkins et a!., 1988), it was shown that 

CHXX inhibits plaque by an immediate bactericidal action during the time of 

application,, followed by a prolonged bacteriostatic action of CHX adsorbed onto 

thee pellicle-coated enamel, rather than by a progressively desorbing CHX from 

thee oral reservoir. Although CHX is sustained in the oral cavity, there is no 

evidencee that it is released from the oral soft tissues in its active form. The 

reasonss for extra-oral CHX treatment in the present study were two-fold. First, 

thee extra-oral rinse excluded the variability of the results due to individual 

factors,, such as subject's rinsing habits, salivary flow, and individual properties 

off  saliva. Second, it avoided a carry-over effect of CHX treatment for three 

differentt samples (6, 24 and 48 hrs) and their control halves, allowing us to 

comparee samples grown during the same experimental period under similar 

conditions. . 

Althoughh the response of plaque to CHX treatment was very individual, 

onlyy minor and superficial effects of CHX were obtained. These findings are in 

agreementt with the dental biofilm resistance to 0.2% CHX shown in vitro 

(Wilsonn et at., 1998). We tested the ability of CHX to kill oral biofilm in pilot 

experimentss with 20% CHX and it resulted in entirely non-vital biofilm. It has 

beenn proposed (Hoyle et ai, 1990; Wilson, 1996) that antimicrobials are bound 

andd inactivated by extracellular polysaccharides (EPS) within the biofilm. In 

contradiction,, plaque grown in vitro in the presence of sucrose showed higher 

susceptibilityy to CHX than plaque grown without extra sucrose (Wilson et ai. 
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1998).. This was explained by an increased growth rate in carbohydrate-rich 

conditionss and thus reduced resistance to CHX.. The only study on CHX diffusion 

intoo plaque was performed on in vitro condensed intra-orally grown plaque 

(Melsenn et a!.. 1983). where it was shown that 0.2% CHX digluconate was able 

too penetrate rapidly (within 1 min) the outer 2 mm of a 5-mm-thiek, though 

artificiallyy condensed, plaque. However, in the present study on undisturbed 

dentall  biofilm, with a thickness less than 65 //m, CHX had only a superficial 

bactericidall  effect, especially in heavy-plaque-formers, where there might have 

beenn larger amounts of EPS. 

Ourr dentin groove model has been used to simulate caries predilection sites 

inn in situ studies on dentin de- and re mineralization and on plaque microflora in 

thee grooves {Lagerweij et ai. 1996b; Zaura-Arite and ten Cate, 2000). An 

additionall  advantage of this model for the present study was that it ensured 

completee protection of the samples while worn by participants and during 

processing. . 

Becausee of the density of the plaque and the limitations of the microscopic 

system,, it was not possible to visualize deeper parts of the groove. It would be 

challengingg and clinically interesting to study the effects of various treatments in 

situsitu at the bottom of the plaque retention sites. 

Inn conclusion, this study demonstrates the complexity of in .w7i/-grown 

dentall  biofilm and its resistance to ex vivo antimicrobial treatment. Future 

researchh should be focused on biofilm model systems to study the mechanisms of 

interactionn of dental biofilm with caries-preventive agents. 

ACKNOWLEDGMENTS S 

Wee thank DR. BAS NJIO and ED BUCK, Department of Orthodontics. Academic Centre 

forr Dentistry Amsterdam, for making in situ appliances. HENK VAN VEEN, Department 

off  Electron Microscopy. AMC, University of Amsterdam, for his help in the image 

analysis,, and DR. LUTZ NETUSCHIL, University of the Saarland. Homburg. Germany, 

forr sharing his knowledge of the vitality-staining technique. This work was financially 

supportedd by the Netherlands Institute for Dental Sciences and the Academic Centre for 

Dentistryy Amsterdam. 

60 0 


