
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

An active attachment biofilm model to develop anti-caries strategies

Exterkate, R.A.M.

Publication date
2014
Document Version
Final published version

Link to publication

Citation for published version (APA):
Exterkate, R. A. M. (2014). An active attachment biofilm model to develop anti-caries
strategies. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/an-active-attachment-biofilm-model-to-develop-anticaries-strategies(7d6d8f95-ff2a-4ba4-85b6-ed54213b51b6).html


H
ier kom

t de tekst voor de rug; hoe dikker de rug, hoe groter de tekst

An Active Attachment 
Biofilm Model
to Develop 
Anti-Caries Strategies                            

UITNODIGING

Voor het bijwonen 
van de openbare verdediging 

van het proefschrift

An Active Attachment 
Biofilm Model to Develop 

Anti-Caries Strategies

Door

Rob Exterkate

Donderdag 27 november
12:00u

Agnietenkapel,
Universiteit van Amsterdam

Oudezijds Voorburgwal 229 - 231

1012 EZ Amsterdam

Aansluitend aan de 
promotieplechtigheid is er 

een receptie ter plaatse

Paranimfen:

Wouter Exterkate

Jeroen Exterkate

Rob Exterkate

     A
n
 A

ctive A
ttach

m
en

t B
io

film
 M

o
d
el to

 D
evelo

p
 A

n
ti-C

aries Strateg
ies 

 
 

 
 

 
    R

o
b
 Ex

terk
ate



 

 

 

 

 

 

An active attachment biofilm model to  

develop anti-caries strategies. 

 

 

ACADEMISCH PROEFSCHRIFT 
 

ter verkrijging van de graad van doctor 

 

aan de Universiteit van Amsterdam 

 

op gezag van de Rector Magnificus 

 

prof. dr. D.C. van den Boom 

 

ten overstaan van een door het college voor promoties ingestelde 

 

commissie, in het openbaar te verdedigen in de Agnietenkapel 

 

op donderdag  27 november 2014, te 12:00 uur 

 

door 

 

 Robertus Adrianus Maria Exterkate  
 

geboren te  Venlo 

 

 

 

 

 

 



  

  

 

 

 

Promotor: Prof. Dr. J.M. Ten Cate 

Copromotor: Prof. Dr. W. Crielaard 

 

Overige leden: Prof. Dr. P.D.  Marsh 

  Dr. F.J. Bikker 

  Dr. B.J.F. Keijser 

   

Faculteit der Tandheelkunde  

 

 

 

  



     

printed by: Gildeprint Drukkerijen - www.gildeprint.nl 

Pictures of biofilm model: Afdeling Vormgeving, Fotografie & Multimedia ACTA 

 

Design of cover: Jeroen Exterkate 



    

The development of the biofilm model was financially supported by  GABA, Therwill, 

Switzerland and subsequently by Colgate-Palmolive, Piscataway, USA. The studies 

described in Chapters 2, 4 and 5 were financially supported by GABA in this project. 

No restrictions were made to the design of the studies nor the publication of the 

data.  



     

Contents 

Chapter 1 Introduction ........................................................................................... 7 

Chapter 2 Different response to amine fluoride by Streptococcus mutans and 

polymicrobial biofilms in a novel high-throughput active attachment 

model. .................................................................................................. 23 

Chapter 3 Factors associated with alkali production from arginine in  

dental biofilms ..................................................................................... 43 

Chapter 4 The effects of propidium monoazide treatment on the measured 

composition of polymicrobial biofilms after treatment with 

chlorhexidine. ....................................................................................... 61 

Chapter 5 The effect of propidium monoazide treatment on the measured 

bacterial composition of clinical samples after the use of a  

mouthwash .......................................................................................... 81 

Chapter 6 Summary and Future Perspectives ..................................................... 101 

Chapter 7 Nederlandse Samenvatting ................................................................ 107 

 List of publications ............................................................................. 115 

 Dankwoord ......................................................................................... 119 

Appendix 1 Color figures of chapter 4 and chapter 5 ........................................... 121 

 



 

   



 

 

Chapter 1 

Introduction  
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Caries remains to be one of the most widespread diseases in the world (Bagramian 

et al., 2009). Caries is caused by bacteria fermenting foods (mostly sugars) and 

producing weak organic acids like lactic acid and acetic acid. These acids 

demineralize the dental apatite structures. In the past 40 years a sharp decline in 

caries prevalence has occurred which is most probably associated with the 

introduction of fluoride in products used in daily oral care. Fluoride is considered the 

most effective anti-caries product (Zero, 2006; Ten Cate, 2013). Fluoride protects the 

dental hard tissues from being demineralized and enhances remineralization of 

these tissues. The effect of fluoride on bacterial metabolism is limited, mainly 

because high concentrations of fluoride are required to effectively reduce acid 

production by bacteria and such concentrations are limited to short periods after 

treatments. It is now generally accepted that optimal fluoride protection is obtained 

by providing a continuous low level of fluoride in the oral cavity. Despite the 

widespread use of fluoridated products only a small percentage of the population 

remains caries free. Even in a population that was exposed to fluoridated water for 

more than 90% of the time, caries did still develop (Mahoney et al., 2008).  

The efficacy of fluoride relies partly in its capacity to enhance dental hard tissue 

repair during periods of near neutral pH. The total time that this near neutral pH 

exists in the oral cavity depends strongly on the number of acid challenges, and 

thereby on the number of food-intake moments per day. With an increased 

frequency of food consumption (so called “grazing”) the efficacy of fluoride in the 

remineralization of apatite structures is reduced. This could be, in part, an 

explanation for the stagnation, or even reversal, of the caries decline (Birkeland et 

al., 2002).  

From the above it is apparent that there is still need for additional caries preventive 

agents. Some of these agents might focus on interfering with the bacteria causing 

caries. Among these bacteria are mutans streptococci, lactobacilli and bifidobacteria 

(Marsh, 2012). These all thrive in oral biofilms, particularly under caries inducing 

conditions. Biofilms, by definition, are matrix-enclosed microbial communities in 

which cells adhere to each other and/or to surfaces or interfaces (Costerton et al., 

1995). It has been shown that bacteria in biofilms are more resistant to anti-

microbial therapies than their planktonic counterparts (Donlan et al., 2002; 
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Bjarnsholt et al., 2005; Tenover, 2006; Ceri et al., 1999). Moreover, it has become 

clear that in complex, multispecies biofilms polymicrobial interactions enhance the 

resistance to anti-microbials even further (Kara et al., 2006; Burmølle et al., 2006; 

Luppens et al., 2008; Ramsey et al., 2009).  

Therefore, it is now acknowledged that studying new compounds aimed at 

interfering with bacteria requires polymicrobial biofilm models instead of traditional 

bacterial cell cultures. 

In order to study bacteria in biofilms a range of in vitro models has been developed. 

All these models were aimed at mimicking the complexity of the biofilm structure 

and/or complexity of dental plaque.  

Multiwell and microtiter plates 

Relatively simple models consist of multiwell plates that are inoculated with 

combinations of selected species (fig 1).  

Guggenheim et al. (2001) developed a model based upon pellicle-coated sintered 

HAP discs that were placed flat on the bottom of 24-well plates. The model was 

inoculated with a mixture of 6 selected species to mimic the composition of 

supragingival plaque. The model was evaluated for its use by assessing the treatment 

efficacy of Triclosan and CHX. The same model was used to measure remineralization 

of previously demineralized enamel discs (Guggenheim, 2004).  Filoche et al. (2007) 

used Thermanox-cover slips on the bottom of 24-well plates to grow saliva-derived 

biofilms for periods up to 10 days. Checkerboard DNA-DNA hybridization was used to 

Figure  1. Overview of 

standard multiwell plates. 
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determine the composition of the biofilms that were formed. It was shown that the 

composition of the biofilms varied with donor, growth medium and sucrose supply. 

Walker (2007) used HAP-discs at the bottom of six-well or twelve-well plates. The 

model was inoculated with samples of subgingival plaque from eight periodontally 

healthy and eight subjects having non-aggressive periodontitis. The samples were 

collected using paperpoints. Biofilms were grown on trypticase soy broth for up to 

10 days with changes to fresh medium every 48 h. Checkerboard DNA-DNA 

hybridization was used to determine the composition of both the biofilms formed 

and the inocula. The authors showed compositional differences in the samples from 

healthy and periodontitis subjects and also in the biofilms that were formed using 

these inocula. 

In the above mentioned models the substratum was placed at the bottom of the 

wells. This means that biofilm formation was not depending on the initial binding of 

the bacteria to the substratum, but started with aggregation of bacteria on top of 

the substratum.  

Duarte et al. (2008) and Koo et al. (2010) used individual disc holders to position HAP 

discs perpendicular to the bottom of 24 well plates. This way the bacteria were 

forced to actively attach to the HAP discs. The model was used (amongst others) to 

monitor the effects of starch and sucrose on the growth of Streptococcus mutans  

(S. mutans) biofilms. Ceri et al. (1999) introduced the Calgary Biofilm Device. This 

model consists of a lid having 96 pegs that are placed on top of a 96-well microtiter 

plate. Biofilms were allowed to grow on these pegs and were harvested by breaking 

the pegs from the lid. The model was evaluated by measuring the susceptibility of  

P. aeruginosa and E. coli to a range of antibiotics. This model has the advantage that 

all biofilms could be moved to either new growth medium or treatment solutions at 

the same time, by simply moving the lid to a new 96-well plate. 

Models with continuous flow 

All of the models described above use biofilms that are grown in batch culture with 

periodic medium refreshments. A more sophisticated model would involve the 

continuous or intermittent flow of nutrients and or treatment solutions. The 

modified Robbins device (MRD) used by Honraet et al. (2006) allows for biofilms to 
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grow on 6 HAP-discs arranged in a linear array. With the HAP-discs in place the 

device has a rectangular flow chamber that can be connected to a peristaltic pump 

to allow for the flow of medium. As the six HAP discs in a single MRD are all in the 

same flow chamber only one condition can be tested in a single MRD, and the discs 

are not independent from each other. In order to test different conditions multiple 

MRD’s or multiple runs are required. The model showed reproducible biofilm growth 

from S.mutans as established by a fluorescence assay. And it was possible to 

differentiate between biofilms that were grown with different plant extracts in the 

growth medium. The same model was used by Sliepen et al. (2010) to measure the 

susceptibility of biofilms, formed from two Aggregatibacter actinomycetemcomitans 

(Aa)  strains,  to three commercially available oral rinses (Perioaid®, Meridol® and 

Listerine®). To that end a series of MRD’s was connected in parallel to a vessel with a 

continuous culture of Aa and biofilms were grown for 4 days in total. The biofilms 

were treated with the respective oral rinses by replacing the content of the flow 

chambers with the oral rinse. After 30 s the contents of the flow cells were replaced 

with fresh medium and then normal flow was re-established. The authors presented 

differences in treatment efficacy between the three oral rinses. Bercy and Laserre 

(2007) also used the MRD to measure the effect of 0.2% chlorhexidine, 1% povidone-

iodine and Listerine® on dual-species biofilms consisting of S. gordonii (ATCC 10558) 

and P. gingivalis W83. In contrast to Sliepen these authors used a short inoculation 

time. One hour for S. gordonii followed by 1 day for P. gingivalis. Subsequent biofilm 

formation with fresh broth (without bacteria) lasted for 7 days. The treatment 

efficacy was tested by pumping the respective agents through the MRD. Exposure 

times were 15 and 30 min. Killing efficacy was above 90% for all three agents after 15 

min. Blanc and co-workers (2014) used the MRD to test the efficacy of oral rinses  

(0.12% chlorhexidine plus 0.05% cetylpyridinium chloride (CHX+CPC); 0.12% CHX; 

and 0.12% CHX plus sodium fluoride (CHX+NaF)) on multispecies biofilms. They also 

connected the MRD’s to a continuous culture system with six strains from which a 

continuous flow was run through the MRD’s. Biofilms were allowed to grow up to 4 

days and then treatments of the biofilms were performed outside of the MRD. 

Differences were shown in overall killing efficacy of the undiluted, 2x diluted and 5x 

diluted oral rinses. 
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McBain (2005) used a multiple Sorbarod® device to grow saliva derived biofilms. A 

Sorbarod is a 10mm diameter and 20 mm long paper filter. Filters were fitted in a 

custom made holder and were perfused with a modified artificial saliva medium. The 

Sorbarods were inoculated with saliva from individual donors on two occasions 14 h 

apart. Biofilms were allowed to grow inside the Sorbarods for up to 5 days. 

Composition of the biofilms was measured using both selective media and 

checkerboard DNA-DNA hybridization. It was shown that composition of the content 

of the Sorbarod differed between inocula and also between different Sorbarods. 

Advanced models allowing for intermittent flow and pulsing of nutrients and/or 

actives 

The above mentioned models allow for a flow of nutrients through the holders 

containing the biofilms. But these models still lack the potential to pulse nutrients 

and/or treatment solutions into the system. 

Hodgson (2001) used a so-called weir system to grow multispecies biofilms. The 

system consists of a vessel with a continuous culture of seven species. A second 

vessel contains fresh medium. A feed line from both vessels was connected to a 

second stage that contained the surfaces (either HAP-discs or enamel slices) for 

biofilm growth. The continuous culture and the fresh medium were mixed and 

pumped into the second stage. The model was used to monitor the effect of sucrose 

pulses on biofilm composition and on the pH of the planktonic phase in the second 

stage. This model did allow for pulsing of nutrients (and possibly treatment agents). 

But a weir system has a serious drawback. Any nutrient or agent that is pulsed into 

the model will be slowly diluted out of the model, thereby lacking control of 

exposure time of either the nutrient or the treatment solution. 
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Two other models were used in the past decades to allow for pulsing.  Peters and 

Wimpenny (1988) introduced the constant depth film fermentor (CDFF, fig 2).  

Figure  2. Overview of the CDFF, with a detail of the disc containing the sample pans (top 

right) and the sample plugs that can be recessed below the sample pan (bottom right). 

It consists of a disc that can hold 15 sample pans which each contain 5 sample plugs. 

The sample plugs are recessed below the surface of the sample pan. The sample pan 

is set flush to the PTFE disc. The PTFE disc rotates below a spring loaded scraper that 

removes any excess medium and/or biofilm. The disc is placed in a jar that has a 

central opening for the addition of nutrients and a large opening to allow for the 

individual pans to be removed from the CDFF. Kinniment et al. (1996) used this 

model to grow multispecies biofilms. The CDFF was inoculated during 8 h from a 

continuous culture containing nine species, after which the CDFF was supplied with 

only fresh medium. The biofilms were grown for several periods of time, even as 

long as 5 weeks (up to 840 h). Data showed that all nine species could be identified 

in the biofilm but the time needed for a single species to obtain a steady state varied 

between species. Three CDFF runs were carried out, but the results of each run were 

different, indicating that replication of biofilms was difficult to obtain. The model 

was used by Pratten et al. (1999) to grow saliva derived biofilms. Besides a 

continuous flow of artificial saliva the model was pulsed three times a day for 30 min 

with 10% sucrose. After 5 days the CDFF was additionally pulsed twice daily with 10 

ml of 0.2% CHX. The composition of the untreated biofilms after 4 days and shifts in 

the composition up to 9 days were monitored using selective plates. Shifts in the 
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biofilm composition resulting from the sucrose pulsing were observed. Pulsing with 

chlorhexidine did not affect the total viable counts, but did affect biofilm 

composition. The model was used to study the effects of amine-fluorides on selected 

species (Embleton et al., 1998) and urease on a 10 species biofilm (Shu et al., 2003). 

Hope et al. (2006) used the model to grow biofilms from pooled subgingival plaque 

samples. Deng et al. (2004) used the CDFF to measure dentin demineralization in 

grooves in dentin as a function of the number of sucrose pulses per day.  

Sissons and co-workers (1991) introduced a multi-station artificial mouth (MAM, 

fig.3) to study plaque growth, metabolism and pH.  The system originally consisted of 

a culture chamber with five plaque growth stations, and was later expanded to eight 

stations.  

Figure 3. Overview of a MAM (photographs courtesy of E. Zaura). 

Biofilms are grown on top of LuxThermanox plastic 25mm tissue culture cover slips. 

Each plaque growth station has its own supply lines for the addition of nutrients and 

experimental treatments. Three lines are available per station. This allows not only 

for continuous feeding of nutrients, but also for pulsing with additional sucrose. 

Using additional ports one can access the plaque growth support for measuring pH 

or sampling the plaques that are grown. The model was inoculated with samples of 

supragingival plaque from a single donor. The model was (re)inoculated on day 0, 2 

and 5 with fresh plaque samples. Plaques were grown up to 6 weeks in this system. 

This model has been used in a number of experiments aimed at measuring 

calcification of plaques (Sissons et al., 1991; Pearce et al., 2002; Wong et al., 2007), 

effect of medium (Wong et al., 2001), the effect of fluoride-supplemented sucrose 
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(Cutress et al., 1995) and to grow defined-species consortium biofilms (Shu et al., 

2000).  

Taken together a wide range of biofilm models has been used in the past decades. 

These range from relatively simple models, to models that are impressively 

sophisticated. A review on available models was written by McBain (2009) and on 

artificial mouth model systems by Tang et al. (2003).  

Each of the models has pro’s and con’s that are listed in table 1. The simple models 

lack the possibility of flow and/or pulsing of nutrients. But they do allow for the 

formation of a high number of biofilms at the same time. But some of these models 

do not include active attachment to the substratum at the onset of the biofilm 

formation. They do allow a proper control on exposure time/concentration of the 

treatments that are to be tested, which is generally more complicated in the 

advanced models. In those models the active ingredient is washed out of the system 

by the flow of the applied growth medium.  

Along with the need for additional caries preventive agents comes the need to have 

or develop models that allow for reliable high-throughput testing of such agents.  

Such a model should meet the following prerequisites: (i)  biofilm formation should 

be reproducible and based on active attachment of bacteria to a substratum (ii) 

besides single species biofilms it should allow screening of complex polymicrobial 

biofilms, (iii)  it should be possible to vary substratum and (iv) it should be possible to 

compare multiple compounds, concentrations and treatment times in a single 

experiment.  

These prerequisites could not be fully met in the existing models.  Therefore it was 

thought there was need for an additional model that would combine the 

advantageous features of existing models.   
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model bottom 

biofilm in 

multiwell 

plates 

substratum 

in 

individual 

holder in 

multiwell 

plates 

Calgary 

biofilm 

device 

Modified 

Robins 

device 

CDFF Multiple 

Artificial 

Mouth 

substratum 

can be 

varied 

yes yes no yes yes no 

multiple 

biofilms 

grown at the 

same time 

yes yes yes yes yes (15) yes (8) 

active 

attachment 
no yes yes yes no yes 

batch culture yes yes yes yes no no 

flow of 

medium 
no no no yes yes yes 

pulsing of 

nutrients 
no no no no yes yes 

multiple 

experimental 

groups 

within 1 

model 

yes yes yes no no yes (8) 

treatments – 

multiple 

groups 

yes yes yes no no yes (8) 

treatment- 

control over 

exposure 

time 

yes yes yes yes 

depends 

on 

clearance 

depends 

on 

clearance 

treatments – 

individual or 

batch 

individual individual individual batch batch individual 

operation – 

simple or 

complex 

simple simple simple simple complex complex 

Table 1. Schematic overview of available models  
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Outline of the thesis 

This thesis describes a number of experiments that were performed to develop, test 

and utilize a biofilm model suitable for screening agents that target the oral 

microflora. 

In chapter 2 the model is introduced and its potential to reproducibly grow single 

species or polymicrobial biofilms is shown. Furthermore, the suitability of the model 

to determine dose response relationships with anti-microbial compounds is 

determined. 

Chapter 3 describes the potential of the model to measure the effects of arginine 

additions to the growth medium on a number of selected output parameters.  

Mild anti-microbials could cause a shift in the microbial composition of polymicrobial 

biofilms. While DNA-based technologies may be more appropriate for the 

assessment of bacterial composition than culturing, these techniques amplify DNA 

from both live and dead cells. This could mean that after an anti-microbial treatment 

shifts in composition are partly masked by the presence of DNA from cells that were 

killed by the treatment. A treatment with propidium monoazide (PMA) has been 

suggested to overcome this problem. In chapter 4 the effect of a PMA treatment on 

the measured composition of in vitro grown biofilms after a single chlorhexidine 

treatment was assessed.  

The finding that a PMA treatment improved the detection of shifts in polymicrobial 

biofilms after a single chlorhexidine treatment in vitro resulted in a clinical study. In 

chapter 5 the concept that DNA of dead bacterial cells would influence the measured 

composition of clinical samples was tested. To that end a small group of subjects was 

sampled twice before and twice after a 2-weeks use of an oral rinse (Meridol, GABA). 

On all time points half the samples were treated with PMA and the other half were 

left untreated. The bacterial composition of buccal plaque, tongue scrapings and 

saliva before and after the use of the oral rinse were determined. Also the effect that 

the PMA treatment had on the measured composition of the samples was 

determined. 
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In chapter 6 the results are summarized and an outline is given of future experiments 

that are thought to contribute to the further development of the model. A summary 

of the results and future perspectives in Dutch is presented in chapter 7. 
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Abstract 

Background/Aims 

Anti-microbial resistance of micro-organisms in biofilms and polymicrobial 

interactions in these biofilms that modulate resistance require novel 

strategies to evaluate the efficacy of caries preventive compounds. The 

current study aimed at evaluating effects of a caries preventive agent in 

Streptococcus mutans and polymicrobial biofilms.  

Methods 

We developed a novel high through-put active attachment model. The model 

consisted of a custom designed lid containing glass discs that fitted on top of 

standard 24-well plates. Biofilms were formed using either S. mutans C180-2 

or saliva. At the end of biofilm formation, up to 96 h, biofilms were treated 

with amine fluoride (AmF) solutions. Viability of the biofilms was determined 

by CFU counts, metabolic activity was measured via lactate production. 

Results 

The effect of AmF on the viability of polymicrobial biofilms was significantly 

less than that on S. mutans biofilms indicating a higher resistance in the 

complex biofilms. Both types of biofilms became more resistant to AmF with 

age. 

The higher resistance of polymicrobial biofilms was not reflected in 

metabolic activity: in dose-response experiments AmF reduced lactate 

production in both types of biofilm to the same extent. Also the age induced 

increased resistance in polymicrobial biofilms was less pronounced in 

inhibition of metabolic activity. 

Conclusions 

This study clearly shows that when evaluating the efficacy of caries 

preventive compounds it is essential to use appropriate polymicrobial biofilm 

models and more importantly that efficacy needs to be judged on reduction 

of acid formation (i.e. cariogenic potential) as well as on bacterial viability. 
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Introduction 

The primary cariogenic pathogen Streptococcus mutans thrives in oral 

biofilms particularly under caries inducing conditions. Biofilms, by definition, 

are matrix-enclosed microbial communities in which cells adhere to each 

other and/or to surfaces or interfaces (Costerton et al., 1995). It is now well 

documented that bacteria in biofilms, including S. mutans, are considerably 

more resistant to treatment with anti-microbials than their planktonic 

counterparts (Tenover, 2006). This implies that the efficacy of caries 

preventive compounds should be evaluated in biofilms and not in the 

traditional liquid cultures. Moreover, it has become clear that in multispecies 

biofilms polymicrobial interactions contribute to resistance to anti-

microbials and to host immunity (Kara et al., 2006; Burmølle et al., 2006; 

Luppens et al., 2008; Ramsey et al., 2009).  

In order to study bacteria in biofilms a number of in-vitro models have been 

developed that all aimed to mimick the complexity of dental plaque. These 

models range from simple microtiter plate models (Ceri et al., 1999; 

Guggenheim et al., 2001; Guggenheim et al., 2004; Filoche et al., 2007) to 

more complex models based upon continuous culture systems (Bradshaw et 

al., 1996; Hodgson et al.; 2001). Models like the constant depth film 

fermentor (CDFF; Peters and Wimpenny, 1988; Wilson et al., 1998; McBain et 

al., 2003) or an artificial mouth (Sissons et al., 2007) used inoculation with 

mixtures of bacteria or saliva. Results with the more complex models showed 

the potential of in-vitro biofilms to simulate polymicrobial complexity 

comparable to dental plaque. While in the latter models the substratum 

could be varied, they generally lack the possibility for high-throughput (HTP) 

screening and/or active attachment of bacteria.  In more simple HTP models 

generally biofilms are grown that consist of single species or mixtures of a 

few species. The only HTP model that allows active attachment of bacteria 

(Ceri et al., 1999), a parameter essential to guarantee actual biofilms instead 

of layers of sedimented cells, lacks the possibility for substratum variation. 

Alternatively, the only HTP model that describes complex biofilms on 

variable substrata, lacks the active attachment option (Filoche et al., 2007). 
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Various of these considerations have recently been reviewed in detail 

(McBain, 2009). 

The primary aim of this study was to develop and use a HTP model for 

screening and testing the efficacy of (potential) anti-microbial compounds 

that combines all prerequisites: (i)  biofilm formation should be reproducible 

and based on active attachment of bacteria to a substratum (ii) besides 

single species biofilms it should allow screening of complex polymicrobial 

biofilms, (iii)  it should be possible to vary substrata and (iv) it should be 

possible to compare multiple compounds, concentrations and treatment 

times in a single experiment. 

A secondary aim was to use this HTP model to compare the anti-cariogenic 

activity of an aminefluoride (AmF) on single species, actively attached S. 

mutans biofilms and actively attached complex polymicrobial biofilms. 

Materials & Methods 

The biofilm model 

The biofilm model (fig. 1) consisted of a custom-made stainless steel lid with 

24 clamps that can contain different substrata. In the current study glass 

cover slips (Ø 12mm, Menzel, Braunschweig, Germany) were used as 

substrata to grow biofilms. After assembling the lid and substrata the model 

was autoclaved. The lid fits onto standard polystyrene 24-well plates 

(multiwell plates, Greiner Bio-One, Alphen a/d Rijn, The Netherlands).  

Saliva collection 

Saliva was collected on ice from a single donor. The saliva was filtered over 

sterile glass-wool to remove any debris. The saliva was diluted 2 fold with 

60% sterile glycerol to protect the bacterial cells from cryo damage. Saliva 

was either used immediately for an experiment or stored at -80oC.  
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Figure 1.  

Pictures of the biofilm model used in this study. (A) Custom-made stainless steel lid on 

which 24 clamps are fixed. Substrata glass cover slips (on the left) or HA disks (on the right) 

are shown. (B) Position of the substrata in the 24-well plate at the time of biofilm growth. 
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Production of biofilms 

The model was inoculated with either S. mutans C180-2 or saliva.  The 

inoculation medium for S. mutans biofilms was a 10-fold diluted overnight 

culture of S. mutans C180-2 in a medium that consisted of 18.5 g/l BHI, 0.2% 

sucrose and 50 mmol/l PIPES at pH 7.0. The inoculation medium for the 

polymicrobial biofilm was a 50-fold diluted saliva in  semi defined medium 

consisting of 2.5 g/l Mucin (Sigma M-2378), 2.0 g/l BactoPeptone (Difco  

0118-01-8), 2.0 g/l Trypticase Peptone (BBL 211921), 1.0 g/l Yeast Extract 

(Bacto 212750), 0.35 g/l NaCl, 0.2 g/l KCl, 0.2 g/l CaCl2, 0.001 g/l Haemin 

(Sigma H-1652), 0.0002 g/l Vitamin K1  (Mc Bain,2005), with 0.2% sucrose 

and 50 mmol/L PIPES at pH7.0.  

Biofilms were produced by adding 1.5 ml of the inoculation medium to each 

well. The model was subsequently incubated anaerobically (10% CO2, 10% H2 

and 80% N2) for 8 h at 37 oC. After this initial inoculation period the lid was 

transferred to a new plate containing fresh medium (without bacteria) and 

incubated for another 16 h. When biofilms were grown for longer than 24 h 

the medium was refreshed twice daily in a schedule of 8 and 16 h growth.  

In pilot experiments it was shown that biofilms derived from saliva resulted 

in slower biofilm formation: Only after 48 h CFU counts were obtained that 

were comparable to 24 h single species S. mutans biofilms. For this reason S. 

mutans biofilms were grown for 24, 48 and 72 h, and polymicrobial biofilms 

for 48, 72 and 96 h. 

Acid production assay 

At the end of the biofilm formation period, and when applicable after the 

subsequent treatment, the lid was placed on a new plate containing 1.5 

ml/well BPW (buffered peptone water) with 0.2% sucrose. The model was 

incubated anaerobically for 3 h at 37 oC. The amount of lactic acid formed 

during this period was analyzed using a colorimetric assay (van Loveren et 

al., 2006). 
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Determination of CFU 

The glass discs with the biofilms were removed from the lid and transferred 

into 2 ml CPW (cysteine peptone water). The biofilms were dispersed using a 

sonicator and a series of dilutions were made. S. mutans C180-2 was plated 

on BHI agar plates and the polymicrobial bacteria were plated on Tryptic Soy 

Agar Blood plates for total counts. Plates were incubated for 48 h at 37oC 

under anaerobic conditions (10% CO2, 10% H2 and 80% N2). 

Testing for reproducibility 

In a series of experiments biofilms were made with either fresh (collected on 

4 different days) or frozen saliva (in 7 independent experiments) as 

inoculum. The outcome parameters were acid production and total CFU. Also 

biofilms that were produced with S. mutans C180-2 (in 10 independent 

experiments) were analysed to quantify the variation between experiments. 

Testing of anti-microbials 

Biofilms were treated with a range of concentrations of an amine fluoride 

(AmF, Olaflur, GABA, Switzerland) using the following procedure: At the end 

of the biofilm growth period the lid was transferred to a new plate 

containing 1.5 ml/well of the test solutions and incubated for 5 minutes at 

room temperature. After treatment the lid was transferred to a new plate 

containing CPW and rinsed by moving the lid up and down. The lid fits 

precisely on the 24-well plate, therefore movement is restricted to the 

vertical direction. The lid was moved upwards until the glass discs were 

above the CPW solution and then moved back into solution 10 times. This 

procedure was repeated three times with fresh CPW to ensure removal of 

excess treatment solution. 

The group size for each experiment was 4, allowing for 6 experimental 

groups to be tested within one lid (24 positions in total). In each lid a water-

treated control group was included. Each experiment was repeated at least 

in triplicate.  
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Statistics 

CFU counts to determine the reproducibility of the biofilms were compared 

using one-way ANOVA with Games-Howell post hoc testing (SPSS release 

16.0). CFU-counts and lactic acid production data from experiments with 

anti-microbials were recalculated to compensate for inter-experimental 

variation: The data from a single 24-well plate were expressed as the 

percentage of the averaged values of the water treated controls in that 

plate. Experimental groups were compared using one-way ANOVA with 

Games-Howell post hoc testing (SPSS release 16.0). 

Results 

When overnight cultures of S. mutans C180-2 were used to inoculate the 

model the overall average CFU counts of 24 h biofilms were 1.5 x 109 (fig. 2). 

This figure also shows the inter-experiment variation in CFU counts. Saliva 

induced polymicrobial biofilms (48 h) showed slightly lower CFU counts than 

the S. mutans biofilms. Inoculating the model with frozen saliva resulted in 

somewhat lower CFU counts compared to inoculation with fresh saliva. This 

difference was not statistically significant. Based on these data it was 

decided to use one batch of frozen saliva as inoculum for all experiments. 

Despite the buffered media, the pH dropped during sucrose metabolism, but 

not below pH 5.7 for the S. mutans biofilms and not below 6.5 for the 

polymicrobial biofilms. 

When short term biofilms (S. mutans, 24 h and saliva, 48 h) were treated 

with AmF both types of biofilms showed a decrease in relative CFU counts 

with increasing  AmF treatment concentration (fig. 3). The absolute CFU 

counts for the water treated controls were 1.3 x 109 and 5.3 x 108 for  

S. mutans and polymicrobial biofilms, respectively. 
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Figure 2.  

Comparison of total CFU counts from polymicrobial(48 h) and S. mutans C180-2 biofilms 

(24 h). Each bar represents the data from a single experiment  (n=4). The different bars 

represent the different experiments. The last bar of each group of bars depicts the overall 

average. Saliva was collected on 4 different days and used immediately to produce 

biofilms (Fresh, n=4). The remaining saliva was stored at -80 
o
C and thawed later to 

produce polymicrobial biofilms (Frozen, n=4). Data are compared with biofilms made from 

fresh overnight cultures of S. mutans C180-2 (n=4). 

The S. mutans biofilms showed a steeper dose-response decrease when 

compared with the polymicrobial biofilms. The differences in relative CFU 

counts between the S. mutans and polymicrobial biofilms were statistically 

significant at all AmF concentrations tested:  When treated with 1000 ppm 

AmF the polymicrobial biofilms showed 52% survival compared to 3% survival 

for the S. mutans biofilms. 

Considering its application in caries prevention also the effects of AmF on 

acid production were tested. Lactic acid formation for the water treated 

controls was 13.5 mmol/l and 10.7 mmol/l for S. mutans and polymicrobial 

biofilms, respectively. As for CFU counts the lactic acid formation data 

showed a dose response for both types of biofilm: with increasing AmF 

concentration the lactic acid production was reduced (fig. 4). Unlike the CFU 

counts no differences were observed between the two biofilm types at each 

of the tested AmF concentrations (p>0.05). 
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Figure 3. 

Effects of a single treatment with AmF on the CFU counts of S. mutans C180-2 (24 h, ▲)  

and polymicrobial biofilms (48 h, �). CFU counts are expressed as percentage of the 

respective water-treated control. Concentration of AmF is expressed as mg/l in the 

treatment solution. S. mutans C180-2 biofilms and polymicrobial biofilms were 

significantly different at each concentration of AmF. 

Figure 4. 

Effects of a single treatment with AmF on the lactic acid production by S. mutans C180-2 

(24 h, ▲)  and polymicrobial biofilms (48 h, �). Lactic acid production is expressed as 

percentage of the respective water treated control. Concentration of AmF are expressed 

as mg/l in the treatment solution. Differences between S. mutans C180-2 and 

polymicrobial biofilms were not significant at any concentration. When comparing the 

treatment concentrations all differences reached statistical significance except for the 0 

vs 10 ppm AmF and the 10 vs 50 ppm AmF. 
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In subsequent experiments “older” biofilms were studied and treated with 

AmF solutions. In these biofilms the CFU counts for S. mutans biofilms 

increased marginally from 1.5 x 109 to 1.9 x 109 and 2.9 x 109 for 24, 48 and 

72 h biofilm formation, respectively. The total CFU counts for the 

polymicrobial biofilms were 5.3 x 108, 5.2 x 108 and 7.8 x 108 for 48, 72 and 

96 h biofilms, respectively. The corresponding lactic acid production values 

were 14.2, 12.0 and 15.9 mmol/l for the S. mutans biofilms and 10.7, 11.4 

and 8.9 mmol/l for the polymicrobial biofilms. 

In Figure 5 the normalized CFU counts for biofilms of increasing age are 

shown as a function of AmF treatment concentration. Generally significant 

differences were found between young and old biofilms (p<0.05), with older 

biofilms being more resistant to AmF at all concentrations tested. For both 

types of biofilms no statistically significant increase could be observed 

between the data points representing the older biofilms (72 h vs 48 h for 

S.mutans and 96 h vs 72 h for polymicrobial biofilms).  

Figure 5.  

Effects of a single treatment with AmF on the CFU counts of S. mutans C180-2 (closed 

symbols) and polymicrobial (open symbols) biofilms of different age (��=24 h / 48 h; 

�,�=48 h / 72 h; �,�=72 h / 96 h). CFU counts are expressed as percentage of the 

respective water-treated control. Concentration of AmF is expressed as mg/l in the 

treatment solution. Data points at the same concentration labeled with the same 

character are not statistically different.  
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The lactic acid production (fig. 6) shows a similar increase in resistance 

against AmF treatment with increasing age of S. mutans biofilms, at all AmF 

concentrations tested. This is also observed for the polymicrobial biofilms, 

except for the 1000 ppm AmF treatment. At this concentration the 

differences between the oldest and youngest biofilm did not reach statistical 

significance (p>0.05).  

 

Figure 6. 

Effects of a single treatment with AmF on the lactic acid production by S. mutans C180-2 

(closed symbols) and polymicrobial (open symbols) biofilms of different age (��=24 h / 

48 h; �,�=48 h / 72 h; �,�=72 h/ 96 h). Lactic acid production is expressed as 

percentage of the respective water-treated control. Concentration of AmF is expressed as 

mg/l in the treatment solution. Data points at the same concentration labeled with the 

same character are not statistically different.  
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Discussion 

We developed a novel HTP biofilm model to form either single species 

biofilms, with S. mutans C180-2, or more complex biofilms after inoculation 

with saliva. This model with either biofilm type was first tested for 

reproducibility and then evaluated regarding applicability in studying the 

efficacy of AmF on biofilms.  

From the collective data (e.g. fig. 2) we concluded that reproducible biofilms 

could be produced with the developed hardware and the chosen 

experimental design. The coefficients of variation were 15% and 36% for 

intra- and inter-experimental variation, respectively. Normalizing against 

water control groups proved a reliable method to improve the discriminative 

power between experiments. For polymicrobial biofilms both fresh and 

frozen saliva were used. Using frozen saliva, rather than working with 

separate saliva batches, presumably adds to the compositional 

reproducibility between experiments, in particular when these are carried 

out over an extended period. Biofilms formed with frozen saliva resulted in a 

19% reduction of CFU counts after 24 h (fig. 2). The lactic acid data provides 

additional information showing different responses to AmF compared to the 

CFU viability data and therefore of obvious relevance when compounds are 

tested for caries preventive potential.   

With this model, biofilm formation could be extended for periods 

substantially beyond 24 h. In these cases CFU counts increased only 

marginally, while the overall biomass did (by visual inspection). Studying 

older plaque biofilms is of clinical relevance as these occur at stagnation 

sites prone to caries development. Preventive compounds should affect both 

growth and metabolism of such biofilms.   

It is interesting to note that CFU counts and lactic acid formation plateau, 

both at very similar values, irrespective biofilm age and biofilm type. 

Presumably the compositions will show considerable differences, e.g. in  

S. mutans levels. The level of acid formed in polymicrobial biofilms being 

very similar to the S. mutans biofilms, hints at either large numbers of other 
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acid forming bacteria in polymicrobial biofilms (Beighton, 2005), or that not 

all acid forming capacity is expressed in the S. mutans biofilms. This could 

also explain why, in the experiments with AmF discussed below, S. mutans 

biofilms that had experience almost 2-log killing still produced substantial 

amounts of lactic acid (fig. 3 and 4). 

As indicated, drawbacks of existing models are that these are generally 

based on bacterial sedimentation rather than attachment, and that 

treatments can typically not be given in a clinically realistic way (e.g. with 

respect to duration, clearance). Our model avoids most of these 

disadvantages: exposure time and concentration of the compound can be 

controlled easily and by attaching the substrates to a custom designed lid 

initial biofilm formation is based upon active attachment to the substrate 

used. In the current study glass slides were used as substratum, but these 

can easily be replaced by hydroxyapatite, enamel or dentin discs (see fig. 1). 

An additional advantage is that all specimens from the same lid undergo 

exactly the same procedures throughout the biofilm growth and treatment 

procedures, which guarantees reproducible experiments (fig. 2). Our model 

also lacks some of the features that the more complex flow-through models 

do have. For example, the option to pulse nutrients and thereby influence 

the growth rate of the biofilms is lacking. In principle this could be added, 

but the model would then no longer be very versatile, and neither a HTP 

model. We note that our model does not necessarily replace existing 

complex models. It is designed as initial screening device for potentially 

effective compounds, which could then be studied in the more advanced 

models. 

The experiments dealing with 5 min AmF treatments on both S. mutans and 

polymicrobial biofilms, showed that biofilm type, biofilm age and treatment 

concentrations are all parameters that determine the reduction in both CFU 

counts and acid formation capacity, and also that there are differences in 

numerical values between the latter two. The small difference in pH of the 

biofilms after biofilm growth is not thought to influence the AmF efficacy. 



 polymicrobial biofilm model and amine fluoride response •  37 

For the treatment biofilms were submerged in 1.5 ml AmF solution and were 

brought to the same pH by this procedure. 

We observed that AmF affects the viability of young polymicrobial biofilms 

significantly less than that of young S. mutans biofilms (fig. 3), indicating a 

higher resistance in the complex biofilms. Our group and others have 

reported that polymicrobial interactions in biofilms induce resistance to anti-

microbials (Kara et al., 2006; Burmølle et al., 2006; Luppens et al., 2008). The 

reduced sensitivity towards AmF of polymicrobial biofilms, in terms of CFU 

counts, was not reflected to the same extent in lactic acid production. In this 

case an almost parallel dose response relationship for inhibition of acid 

formation was observed in the S. mutans and polymicrobial biofilms (fig. 4). 

This finding indicates that the acid forming capacity of both types of biofilm 

is affected similarly by the AmF treatment, in spite of the observed 

difference in AmF induced killing. This observation requires additional 

experimentation to be fully understood. 

Both types of biofilms became more resistant to AmF with age. When 

viability of older biofilms was tested (fig. 5) it was shown that increasing age 

of the biofilm resulted in higher survival percentages for both types of 

biofilm. A similar observation has been reported for other oral pathogenic 

bacteria (Walker and Sedlacek, 2007). The age induced increased resistance 

in polymicrobial biofilms was less pronounced in inhibition of metabolic 

activity (fig. 6). 

An explanation for the higher resistance could not be found in an increased 

number of viable cells with increasing biofilm age. However, it was visually 

observed that biofilms became thicker with increasing age. As this increased 

biomass is not reflected in increased CFU counts, it is probably accounted for 

by the extracellular matrix and dead cells. Biofilm resilience to anti-biotics 

and anti-microbial treatments has been attributed to a number of factors, 

including slow diffusion of compounds through the biofilm, their binding to 

the EPS matrix (Chambless et al., 2006), and slower bacterial growth rates in 
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biofilms (Gilbert et al., 1997). These hypotheses would also explain our 

observed differences between young and old biofilms.  

The AmF concentrations tested comprises the range that is relevant for oral 

care products. Typically a toothpaste contains up to 1500 ppm fluoride and a 

mouth rinse up to 250-400 ppm fluoride. In the 200-500 ppm concentration 

range a 40-60% reduction in acid production was observed. In our set up this 

was found after a single short treatment followed by extensive rinsing. In 

vivo clearance of AmF is probably slower so that our data may be an 

underestimation of efficacy.  

In summary, we conclude that our new biofilm model allows for rapid 

screening of potential anti-microbial compounds. The model is sensitive 

enough to determine dose response relations and offers multiple options to 

study biofilm parameters and processes in a relatively short time. The 

remarkable AmF effect, i.e. a marginal effect on the viability of polymicrobial 

biofilms, but a clear inhibitory effect on metabolic activity clearly shows that 

when evaluating the efficacy of caries preventive compounds it is essential 

to use appropriate polymicrobial biofilm models. Biofilms grown from single 

species may be underestimating the complexity of dental plaque biofilms and 

may result in misleading conclusions. Moreover, the efficacy of caries 

preventive agents needs to be judged on cell viability effects but probably 

equally important also on the reduction of acid formation.  
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Abstract  

Alkali production by oral bacteria in the oral cavity has been linked to protection 

against dental caries. The current study assessed various parameters associated with 

ammonium produced during arginine catabolism in dental biofilms. Polymicrobial 

biofilms were formed using saliva as inoculum. The NH3 level and the pH of the spent 

medium were used to monitor and quantitate the bacterial reactions. The presence 

of sucrose, a low buffer capacity and a low pH (≤ pH 4.5) were found to hamper alkali 

production from arginine. The rate of alkali production exhibited an optimum around 

pH 5.5. Biofilms were found to produce NH3 also from polypeptides and proteins in 

the medium. The biofilm age affected these processes. The experimental model 

proved valuable for the assessment of the collective bacterial reactions determining 

the overall pH outcome. This experimental approach could bridge the gap in our 

knowledge between pH-rise phenomena and caries susceptibility from clinical 

observations and studies performed on alkali producing bacteria in well controlled, 

though simplified, in vitro models. Our data support the hypothesis that the initiation 

and progression of dental caries may be influenced by the relative rates of acid and 

base formation, which critically depend on the aforementioned parameters.  
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Introduction  

Two landmark investigations (Stephan, 1940; 1944) demonstrated the decrease in 

the pH of dental plaque after sucrose consumption, followed by a return to baseline 

values. Arginine and urea are the major substrates for alkali generation by oral 

biofilms. Arginine entering the mouth is catabolized primarily by the arginine 

deiminase system (ADS). The ADS is present in most streptococcal species, 

particularly Streptococcus gordonii and Streptococcus sanguinis (Burne and Marquis, 

2000).  

Clinical studies have revealed that caries-free subjects have greater ammonium 

concentrations and higher resting pH values in their plaque (Margolis et al., 1988), 

significantly higher free arginine levels in their saliva (Van Wuyckhuyse et al., 1995) 

and higher ADS activities in their plaque and saliva (Gordan et al., 2010; Nascimento 

et al., 2009). Extensive studies on arginine metabolism have shown that bacterial 

alkali production is closely associated with lower caries levels (Kleinberg, 2002). 

Numerous in vitro studies have demonstrated that the ADS in oral streptococci is 

highly regulated. This system requires induction and may be repressed by 

carbohydrates and catabolites, such as glucose or sucrose, and by aeration (Curran et 

al., 1998). Other factors, such as low pH and acidification, were also shown to be 

involved (Liu et al., 2008; Liu and Burne, 2009; Takahashi and Yamada, 1999). Most 

previous in vitro studies on arginine’s effects on biofilms were performed either using 

single species (Barboza-Silva et al., 2009; Burne and Marquis, 2000; Liu and Burne, 

2009) or saliva sediment or dental plaque (Kleinberg, 2002). However, oral biofilms 

are composed of numerous bacterial species (He and Shi, 2009), and saliva sediment 

or recovered dental plaque cannot be used for long-term experiments.  

Therefore a pertinent question is how the aforementioned processes combine in 

multispecies biofilms under more in vivo like conditions. In the present study, we 

used saliva-derived, in vitro-grown polymicrobial biofilms to evaluate various 

parameters associated with alkali production from arginine in dental biofilms. This 

study focused on the roles of the presence of sucrose, the pH, the buffer capacity 

and the biofilm age. 
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Materials and methods 

Saliva collection  

Parafilm stimulated whole saliva was collected from a healthy female donor who had 

natural dentition without active caries and who had not used antibiotics in the 

previous 3 months. The donor did not brush her teeth for 24 h and abstained from 

food and drink intake for 2 h prior to saliva donation. The saliva was diluted 2-fold 

with sterile 60% glycerol and was stored at -80°C (Cheng et al., 2011; Exterkate et al., 

2010)  

Biofilm formation  

Polymicrobial dental biofilms were formed in a high-throughput active attachment 

biofilm model as previously described in detail (Exterkate et al., 2010). In brief, glass 

disks were attached to a custom-made lid in such a way that each disk fit into one 

well of a polystyrene 24-well flat-bottomed microtiter plate. Each well was filled with 

1.5 mL of growth medium, as described by McBain (McBain et al., 2005), 

supplemented with 0.2% (w/v) sucrose and buffered at pH 7.0 with 50 mM of PIPES 

buffer. This quantity of medium was sufficient to submerge the disks. A saliva-

glycerol stock was added (1:50 final dilution) as inoculum, and the microtiter plates 

were incubated anaerobically at 37°C for a total of 24, 48, 72 or 96 h to form biofilms 

of different ages. In all experiments the medium was refreshed after alternating 

periods of 8 and 16 h. These conditions will be referred to as ‘standardized growth’.  

Description of experiments and treatment Groups  

After a period of initial biofilm formation (under standardized growth), the biofilms 

were placed under different conditions for continued growth. Factors associated with 

the alkali production from arginine by dental biofilms were evaluated by assessing 

the pH and NH3 level of the spent medium. For this step, the McBain medium was 

supplemented with PIPES buffer (up to 50 mM), with 1.6% arginine (ARG group), with 

0.2% sucrose (SUC group) or with 1.6 % arginine plus 0.2% sucrose (ARGSUC group). 

Details of the respective experiments are given in the corresponding results 

paragraph. All experiments were conducted in triplicate or quadruplicate.  
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In the kinetics and pH experiments (fig. 1, 3) individual biofilms were formed for each 

time period studied, to be able to assess pH and NH3 in the spent media. 

NH3 analysis 

The NH3 level in the medium was determined with an ammonia assay kit (catalog no. 

11 112 732 035; R-Biopharm, Darmstadt, Germany) using a 96-well plate.  

pH analysis  

The pH of the spent medium was measured using a pH electrode (Radiometer 

Analytical, Lyon, France). 

Statistical analysis  

Details are given in the Appendix. 

Results 

Kinetics of NH3 production and pH, effects of sucrose 

In these experiments, the biofilms grown under the standardized conditions (for 48 h 

total) were next exposed to one of six media differing with respect to the addition of 

buffer, arginine and/or sucrose to study the kinetics of NH3 production and the 

change in the pH of the medium over 8 h. 

The pH change and the NH3 production in the unbuffered groups (PIPES -) are shown 

in Figures 1A and 1C, respectively. In the ARG group, the pH level gradually increased 

to above the initial value (pH 7). In the SUC group, the pH decreased in the first 3 h, 

after which it reached a plateau at about pH 4.4. The ARGSUC group showed a similar 

pH profile in the first 3 h, in which the pH decreased but then increased sharply to 

above pH 7. The NH3 production data also showed a delay in NH3 production in the 

ARGSUC group, which paralleled the pH data (fig. 1C).  

After 8 h, the NH3 production in the ARG and ARGSUC groups were about the same. 

In the PIPES-buffered groups, the pH changes (fig. 1B) were similar to those 

presented in Figure 1A but with a significantly smaller decrease from pH 7 in the 
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ARGSUC and SUC groups. The levels of NH3 production in the ARG and ARGSUC 

groups were not significantly different in the first 5h; thereafter the ARGSUC groups 

produced slightly more NH3 than the ARG groups. Unlike in the unbuffered situation, 

the SUC group showed substantial NH3 production (fig. 1D). 

Figure 1  

Temporal change in pH and NH3 formation during biofilm growth. 

The pH observed in spent medium due to biofilm growth, under three experimental conditions in (A) 

PIPES (-) McBain medium and in (B) 50 mM PIPES McBain medium. Below the NH3 production under 

the same conditions in (C) PIPES (-) McBain medium and in (D) 50 mM PIPES McBain medium. Note 

the different Y-axis scaling. 

The experimental conditions were 1.6% arginine plus 0.2% sucrose, 1.6% arginine, and 0.2% sucrose. 

The experiments were performed on biofilms previously grown during 48 h under ‘standardized 

growth’ conditions. Overall averages and standard deviations are given. 
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Buffer capacity  

Unlike the 8 h kinetics experiment (fig. 1), the buffer capacity parameter was studied 

over 72 h, with media being refreshed after alternating 8 and 16 h. For this biofilms 

were first formed during 24 h of standardized growth.  

In the SUC-only groups (fig. 2A), the pH in the subsequent spent media had a 

constant value, which depended on the buffer capacity, with the unbuffered medium 

having the lowest pH. In contrast, in the ARGSUC groups (fig. 2B), the pH showed a 

temporal trend; an initial pH-decrease was found with low buffer capacity, but 

eventually all groups reached an alkaline pH irrespective of the buffer capacity. The 

difference between the groups was the delay time before the pH increase became 

apparent. The lower the buffer capacity, the longer was this delay time. 

The hourly NH3 production data (fig. 2C) show that when the buffer capacity was at 

its highest (50 mM), the biofilms generated considerable levels of NH3 during the first 

8 h. In the absence of added buffer, NH3 production was observed only after -in total- 

72 h of additional incubation, results that again parallel the observed pH changes. 

These data also confirmed the lag time in NH3 production, as the hourly NH3 

production during the 8 h interval was less than that during the 16 h interval. 
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Figure 2  

Effect of buffer capacity on pH and NH3 formation during biofilm growth, with increasing biofilm age.  

The pH observed in subsequent spent media due to biofilm growth, for (A) the no arginine groups and 

(B) the groups with 1.6% arginine added to the McBain media, both studied at various buffer 

capacities. Below (C) the rate of NH3 production ( h
-1

) in the same groups. Media were refreshed after 

alternating 8 and 16 h. 

The experiments were performed on biofilms previously grown during 24 h under ‘standardized 

growth’ conditions. Overall averages and standard deviations are given. 
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Biofilms grown under standardized conditions for various periods (48, 72 and 96 h) 

were then subjected to citrate-buffered media (pH range 4-7). NH3 production was 

assessed after 2, 4 and 6 h.  
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Biofilm age 

Biofilms grown under standardized conditions (24 and 48 h) were incubated for 8 h in 

media differing with respect to the addition of buffer and/or 1.6% arginine to study 

the effects of biofilm age. 

This separate data set confirmed the observations presented in Figures 1 and 2, 

which show that the 24 h biofilms did not produce NH3 in the absence of buffer, 

whereas for the 48 h biofilms, the NH3 production after 8 h of continued growth did 

not depend on the presence of added buffer (data not shown).  

Discussion  

The findings of the present study demonstrate that arginine is metabolized by saliva-

derived polymicrobial biofilms to produce NH3 and thereby increase the pH of the 

medium. The presence of sucrose, the buffer capacity, the medium pH and the 

biofilm age were all parameters that impacted NH3 production and the resultant pH.  

We further note that the experimental model was able to simulate the pH changes 

that occur in dental plaque after the consumption of fermentable carbohydrates, as 

observed in the Stephan curve (fig. 1). The pH changes were observed without the in 

vivo occurring salivary clearance of sugars or acids. The model therefore allows for 

the analysis of the parameters of interest to better understand the factors 

determining the pH profile and the possible implications of the pH-rise phenomenon 

for the in vivo situation. Irrespective of its limitations, this model might bridge the 

gap between the findings from highly controlled in vitro studies, which are often 

performed with single-species biofilms or in liquid culture, and the observations from 

clinical studies.  

Analysis of the data revealed that the parameters studied showed various 

interactions, as depicted in Figure 4. The important chemical processes are the 

production of lactic acid and NH3 and their further catabolism. Together, these 

processes determine the pH. 
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Figure 4 Schematic of the (mutual) interactions that determine the level of NH3 production from 

arginine and pH in dental biofilms.  

Carbohydrate (sucrose) and arginine were metabolized in the multispecies biofilms, initially into lactic 

acid and NH3. Collectively this resulted in a pH change, also determined by the buffer capacity of the 

system. The pH was found to co-determine the rates of acid and ammonium production. Biofilm age 

also impacted the various reactions. pH will also affect composition (not studied) and therefore the 

various reactions. Sucrose, arginine, or arginine containing peptide levels and buffer capacity are 

determined by saliva and diet. 

 

The pH itself has an effect on the rate constants of acid (data not shown) and base 

formation (see fig. 3). The pH of biofilms will also determine growth (and 

consequently, the effective age, data not shown) and composition (not studied), 

which in turn will affect acid and base formation. The buffer capacity plays a parallel 

role, which determines the impact of acid and base formation on pH (fig. 2).  

In our experimental samples, as in dental plaque, sucrose was rapidly metabolized 

after refreshing the medium, leading to a decrease in the pH, the extent of which 

depended on the buffer capacity (fig. 1A versus B). After 3 h, about 70% of the 

sucrose was metabolized (data not shown), and only then did NH3 production 

become detectable (fig. 1C, D). Because pH is a co-determinant of NH3 production 

(fig. 3), the rate of NH3 production and the increase in pH were different in the 

absence and presence of buffer (fig. 1).  
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Regarding the role of pH in relation to the cariogenicity of biofilms, the observed 

differences in the pH dependence of acid and base production are relevant (fig. 3). 

After a sucrose challenge and the resultant pH drop, the rate of acid formation will 

decrease due to the pH dependence of lactic acid formation, which is similar to the 

findings reported for Streptococcus mutans (van Loveren et al., 1991). However, 

lowering the pH will increase the rate of NH3 production unless the pH drops below 

4.5. We speculate that in subjects with microflora rich in aciduric and acidogenic 

species, NH3 production (and an increase in the pH) will likely not occur because of 

this sharp initial pH decrease. In such cases, the Stephan curve will be extended, as 

will the period of demineralization leading to caries. These findings and explanation 

are in line with the Ecological Plaque Hypothesis (Marsh, 1994) and the Extended 

Ecological Plaque Hypothesis (Takahashi and Nyvad, 2011).  

Our findings and the resultant hypothesis are supported by clinical observations. For 

example, a limited availability of saliva, a lower buffering capacity, a lower baseline 

pH and a lower concentration of proteins in saliva were clinically shown to result in a 

very low plaque pH (Lenander-Lumikari and Loimaranta, 2000; Takahashi and Nyvad, 

2011) and are documented as high risk factors for (rampant) caries (Kielbassa et al., 

2006; Warren et al., 2009), such as radiation and early childhood caries. We 

speculate that the initiation and progression of dental caries, especially rampant 

caries, may be related to a deficiency of alkali formation. The current study used 

saliva from one donor in order to first optimize the experimental model. Subsequent 

experiments showed that the model is sensitive to intersubject differences and might 

be used to better understand caries susceptibility (data not shown).   

Interestingly, we noted that the no-ARG groups exhibited considerable NH3 

production in the media with higher buffer capacities (fig 1, 2&4). This observation 

suggests that the polymicrobial biofilms could also catabolize peptides and proteins 

in the medium to produce NH3, as previously shown in single-species experiments 

(Rogers et al., 1988). 

With respect to the parameters of this study, the current data can be compared with 

various previous findings. Carbon catabolites were found to repress the ADS of 

Streptococcus sanguinis and Streptococcus gordonii (Curran et al., 1998). Numerous 
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studies have reported on the pH effects on the ADS in different bacterial species, but 

the conclusions vary. Some authors have reported the absence of a pH effect 

(Barboza-Silva et al., 2009), whereas others (Liu et al., 2008; Liu and Burne, 2009) 

have reported that ADS gene expression was enhanced around pH 5.5 (for  

S. gordonii). Takahashi and Yamada (1999) showed that pre-acidification (at pH 5.5) 

increased ADS activity. In addition, the ADS was reported to have a high acid 

tolerance; at pH values as low as 2.5, Streptococcus rattus still showed arginolysis, 

though at only 10% of the maximum. In contrast, glycolysis was less acid tolerant 

(Casiano-Colon and Marquis, 1988). Presumably, much of the variation in these 

observations could be attributable to differences between bacterial species. Our data 

on polymicrobial biofilms indicate an overall pH optimum for NH3 production around 

pH 5.5, irrespective the age of the biofilms. The production of NH3 is an important 

survival mechanism for bacteria, particularly when they have a low acid tolerance 

(Casiano-Colon and Marquis, 1988).  

We used pH measurements and NH3 production data to evaluate the parameters of 

interest. Measurement of the pH was found to be sensitive and reliable and gave a 

general indication of bacterial metabolism. At a given buffer capacity, there was good 

agreement between NH3 production and the pH (R
2 

approximately 0.8).  

In summary, this study demonstrated that several parameters (presence of sucrose, 

pH, buffer capacity and age of the biofilm) impact alkali production from arginine in 

dental biofilms. The relative rates of acid and base formation, along with their pH 

dependence, determine the pH of the biofilm and its temporal changes over a 

Stephan curve. Together, these processes will determine how long the 

demineralization leading to dental caries will last. The experimental model used 

enables the evaluation of the parameters of interest in this process with complex 

interactions. 
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Appendix 

Statistical analysis 

The data were analysed with SPSS 16.0 software. Multi-way ANOVA was used to 

evaluate the influence factors among all groups, the level of significance was set at 

5%.  

In the respective figures averages and standard deviations are given. From this visual 

information obvious conclusions can be drawn about the effects of the various 

parameters studied. In addition the following numeric data can be reported from the 

statistical analysis: 

Data Figure 1: In the kinetic study there are significant differences in the NH3 

production data among ARGSUC, ARG and SUC groups (p=0.006 for unbuffered and 

p=0.008 for buffered system, fig. 1C and 1D respectively）and significant differences 

with the parameter time (p= 0.021 for unbuffered and p= p<0.001 for buffered 

system). The factors groups and time synergistically influenced NH3 production 

(p<0.001 for both buffered and unbuffered systems). 

Data Figure 2: Analysis for the buffer capacity experiments confirmed that the 

addition of arginine influenced NH3 production (p=0.011). In the ARGSUC groups, 

incubation time (p<0.001) and buffer capacity (p=0.001) both influenced the NH3 

production and these factors also synergistically influenced NH3 production 

(p<0.001). Also in the SUC groups, incubation time (p<0.001) and buffer capacity 

(p<0.001) both influenced the NH3 production and again these two factors 

synergistically influenced NH3 production (p<0.001). 

Data Figure 3: Irrespective the age of the biofilms, the NH3 production exhibited 

similar trends with respect to pH (p=0.052). Generally speaking, the pH  significantly 

influenced NH3 production (p=0.022). More NH3 was produced at moderately low pH 

(pH 5-6), and less was produced at extremely low pH (≤ pH 4.5), compared with the 

production at pH 7.0. This pattern was slightly different at the three time points 

studied (2, 4 and 6 h after refreshing the medium, p=0.042). Exposure time, biofilm 

age and pH synergistically influenced NH3 production (p=0.025), that was when the 
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exposure time was longer, the biofilms were older, and the pH value was higher, the 

NH3 production was greater. Also exposure time, pH and sucrose synergistically 

influenced NH3 production (p=0.007); this implied that when the exposure time was 

longer, pH was lower, the difference between ARG group and ARGSUC group was 

greater. 
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Abstract  

Background  

The treatment of polymicrobial biofilms with antimicrobial compounds results in not 

only an overall loss of viability but also compositional shifts. While DNA-based 

technologies may be more appropriate for the assessment of bacterial composition 

than culturing, these techniques amplify DNA from both live and dead cells. 

Propidium monoazide (PMA) has been used to discriminate between live and dead 

cells by blocking the DNA from membrane-damaged cells from being amplified. 

Aim  

This study evaluated the use of PMA in a saliva-derived polymicrobial biofilm model 

subjected to a single chlorhexidine treatment.  

Materials and Methods  

The effects of PMA on viable cells were tested using both untreated and PMA-

treated saliva as an inoculum. Viability was determined by plate counts, metabolic 

activity was determined by lactic acid production, and biofilm composition was 

assessed with 16S rRNA gene amplicon sequencing.  

Results  

Exposure to a 0.2% chlorhexidine rinse (Meridol Perio) reduced the viability and 

metabolic activity of 48 h biofilms. The shift in biofilm composition observed after 

the chlorhexidine exposure was enhanced after a post-rinse PMA treatment. PMA 

treatment had a small effect on the measured composition of water-rinsed biofilms. 

Treating saliva with PMA reduced bacterial viability and shifted the bacterial 

composition of saliva and saliva-derived biofilms.  

Conclusion  

The removal of DNA from non-viable cells with PMA treatment was shown to elicit 

an improvement in the detection of shifts in in vitro polymicrobial biofilms after 

antimicrobial treatment. However, PMA also influenced the ability of cells to grow, 

indicating that PMA should be used with caution. 
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Introduction 

Developing new preventive compounds against oral pathogens requires the use of 

realistic screening models. Bacteria in biofilms are more resistant to treatments with 

antimicrobials compared with their planktonic counterparts (Tenover, 2006). 

Therefore, evaluating new compounds requires the use of biofilms rather than liquid 

cultures. Moreover, polymicrobial interactions in multispecies biofilms contribute to 

resistance to antimicrobials and host immunity (Kara et al., 2006; Burmølle et al., 

2006; Luppens et al., 2008; Ramsey et al., 2009). Recently, an active attachment 

biofilm model was developed to allow for the high-throughput screening of oral care 

products (Exterkate et al., 2010). This model involves saliva-derived polymicrobial 

biofilms. In addition to overall loss of viability as a result of antimicrobial treatment, 

shifts in biofilm composition need to be monitored. The composition of 

polymicrobial biofilms is difficult to determine using culturing techniques, therefore, 

the use of DNA-based methodologies is a more appropriate alternative. 

Although DNA-based methodologies have advantages over culturing techniques 

(Sanz et al., 2004), they also have a major drawback. DNA-based technologies do not 

allow for the discrimination between live and dead cells. When evaluating anti-

microbial treatments, this might lead to an underestimation of treatment effects, as 

the DNA of non-vital cells is included in the analysis.  

Treatment with propidium monoazide (PMA) has been proposed to overcome this 

problem. Cells are incubated with PMA allowing the PMA to penetrate cells with 

compromised membranes and bind to their DNA. Photolysis of PMA using bright 

visible light produces a nitrene that can form a covalent link to DNA and other 

molecules. Subsequently, the DNA cannot be amplified by PCR. The unbound PMA 

that remains in solution, is simultaneously inactivated by reacting with water 

molecules. The resulting hydroxylamine is no longer capable of covalently binding to 

DNA (Nocker et al., 2006). PMA does not penetrate cells that have an intact 

membrane, and it would therefore be suitable to help discriminate between live and 

dead cells. This concept has been tested in various studies on single species (Nocker 

et al., 2006; Nocker et al., 2007), oral pathogens (Loozen et al., 2011) and complex 

samples (Nocker et al., 2009; Lin et al., 2011). Nevertheless, these studies have only 



64  • Chapter 4  

produced limited data on the necessity of PMA treatment when compositional shifts 

are determined after mild antimicrobial treatments. 

The aim of this study was to evaluate the use of PMA to discriminate between live 

and dead cells in a saliva-derived polymicrobial biofilm model after antimicrobial 

treatment. Moreover, the hypothesis that PMA does not affect viable cells was 

tested by treating saliva with PMA prior to biofilm formation and comparing the 

outcome to biofilms derived from untreated saliva. Inactivated PMA was used as a 

control to test for the possible effect of PMA on cell growth. 

 

Figure 1  

Experimental design resulting in 12 groups of 4 biofilms each (grey boxes). 
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Materials & Methods 

Experimental design 

The experimental design is shown in Figure 1. Saliva was collected on ice from a 

single donor, thoroughly mixed and split into portions Saliva was left untreated, 

treated with PMA or treated with inactivated PMA. Subsequently, the saliva was 

diluted 2-fold with 60% sterile glycerol to protect the bacterial cells from 

cryodamage. Saliva was stored at -80°C until use. All salivary samples were processed 

in parallel to avoid differences in exposure to air and processing time. 

Each of these saliva samples was used to inoculate a biofilm model. Biofilms were 

grown for 48 h and then treated with either water or 0.2% chlorhexidine. After 

harvesting the biofilms, the dispersed biofilms were either left untreated or treated 

with PMA. This design resulted in 12 experimental groups with 4 biofilms each.  

Biofilm model 

The biofilm model (Exterkate et al., 2010) consisted of a custom-made stainless steel 

lid with 24 clamps that contained glass cover slips (Ø 12 mm, Menzel, Braunschweig, 

Germany) used as substrata to grow biofilms. After assembling the lid with the 

substrata, the model was autoclaved. The lid fits onto standard polystyrene 24-well 

plates (multiwell plates, Greiner Bio-One, Alphen a/d Rijn, The Netherlands). The 

experimental design required two models. The models were operated in parallel. 

Propidium monoazide treatment 

A total of 1 mg propidium monoazide (Biotum Inc., Hayward, USA) was dissolved in 

100 µl 20% DMSO. Approximately 2.5 µl of PMA was added to 500 µl saliva or 

suspended biofilm, incubated in the dark for 5 min and then exposed to intense light 

for 2 min using a 650 W halogen lamp placed 25 cm from the samples. The samples 

were kept on ice during this procedure. 

Stock PMA was inactivated by exposing the 1 mg/100 µl stock PMA solution to 

intense light for 2 min (Nocker et al., 2006). Treatment with inactivated PMA 

followed the procedure described above. 
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Biofilm formation 

The model was inoculated with 50-fold-diluted saliva in semi-defined medium 

consisting of 2.5 g/l mucin (Sigma M-2378), 2.0 g/l bactopeptone (Difco 0118-01-8), 

2.0 g/l trypticase peptone (BBL 211921), 1.0 g/l yeast extract (Bacto 212750), 0.35 g/l 

NaCl, 0.2 g/l KCl, 0.2 g/l CaCl2, 0.001 g/l hemin (Sigma H-1652), 0.0002 g/l vitamin K1 

(Mc Bain,2005), 0.2% sucrose and 50 mmol/L PIPES at pH 7.0.  

Biofilms were produced by adding 1.5 ml of the inoculation medium to each well. 

The model was subsequently incubated anaerobically (10% CO2, 10% H2 and 80% N2) 

for 8 h at 37 oC. After this initial inoculation period, the lid was transferred to a new 

plate containing fresh medium (without bacteria). Medium was refreshed after 8, 24 

and 32 h, with a total biofilm growth period of 48 h.  

Treatment with 0.2% chlorhexidine (active rinse) 

After 48 h, the biofilms were treated with either water or 0.2% chlorhexidine 

(meridol perio Chlorhexidine 0.2%, GABA International AG, Switzerland). This 

treatment procedure has been described in detail previously (Exterkate et al., 2010). 

Briefly, the lid was transferred to a new plate containing 1.5 ml/well of the 

treatment solution and incubated for 5 min at room temperature. After the 

treatment, the biofilms were rinsed three times with cysteine peptone water (CPW). 

Treatment with 0.2% CHX or water will be referred to as rinses to avoid confusion 

with PMA treatment. 

Acid production assay 

At the end of the biofilm formation period and after the subsequent treatment, the 

lid was placed on a new plate containing 1.5 ml/well BPW (buffered peptone water) 

with 0.2% sucrose. The model was incubated anaerobically for 3 h at 37 oC. The 

amount of lactic acid formed during this period was analysed using a colorimetric 

assay (van Loveren et al., 2006). 
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Determination of CFU 

After treatment with PMA or inactivated PMA, the saliva was diluted and plated in 

duplicate on tryptic soy agar blood (TSAB) plates to obtain total counts. The plates 

were incubated for 48 h at 37°C under anaerobic conditions (10% CO2, 10% H2 and 

80% N2).  

The glass discs with the biofilms were removed from the lid and transferred into 2 ml 

PBS (phosphate-buffered saline). The biofilms were dispersed using a sonicator, and 

a single series of dilutions was made and plated on TSAB plates to obtain total 

counts. Samples for CFU counts were taken before the post-rinse PMA treatment. 

Post-rinse treatment of harvested biofilms with PMA 

After dispersing the biofilms in 2 ml PBS, aliquots of 1400 µl were centrifuged and 

resuspended in 500 µl of TE buffer. The samples were left untreated or treated with 

PMA. 

DNA extraction, amplicon preparation and pyrosequencing 

Salivary DNA was extracted as described previously (Crielaard et al., 2011), 

quantified (Quant-iT™ PicoGreen® dsDNA Reagent and Kits, Molecular Probes Inc, 

Willow Creek) and stored at -20°C until further analysis. 

Barcoded amplicon libraries of the small subunit ribosomal RNA gene V5-V7 

hypervariable region were generated for each of the samples as described previously 

(Kraneveld et al., 2012), pooled and sequenced using the Genome Sequencer FLX 

Titanium system (Roche, Basel, Switzerland).  

Sequencing data analysis 

The sequencing data were processed using QIIME (Quantitative Insights Into 

Microbial Ecology) version 1.4.0 (Caporaso et al., 2010), as described previously 

(Kraneveld et al., 2012). To allow for comparisons among different samples, the 

dataset was normalised to 2800 reads/sample. Then, phylogenetic measures of 

community ß diversity, including unweighted UniFrac, a qualitative measure, and 

weighted UniFrac, a quantitative measure (Lozupone et al., 2007), were applied. 
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Principal coordinate analysis (PCoA) was used to compare groups of samples based 

on weighted UniFrac distance metrics. Next, to phylogenetic measures of community 

ß diversity (UniFrac distance data), an OTU-based ß diversity approach was used. For 

this, a normalised OTU abundance table was used in principal component analysis 

(PCA) using PAST software (Hammer et al., 2001).  

Statistical analyses 

Data were analysed statistically using anova with post-hoc Tukey’s test (IBM SPSS 

version 20). 

Results 

CFU counts and lactic acid production. 

The water-treated 48 h biofilms formed with the three types of salivary inocula 

showed comparable CFU counts (fig. 2A). Rinsing with 0.2% CHX resulted in a 

decrease in CFU counts. This decrease was larger for biofilms that were formed from 

PMA-treated (active or inactivated) saliva. Biofilms formed from PMA-treated (active 

or inactivated) saliva showed a larger capability to form lactic acid, but rinsing with 

0.2% CHX resulted in a strong reduction of acid production for all types of biofilms 

(fig. 2B). 
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Figure 2. Panel A. Total CFU of biofilms (average ± s.d.) formed from differently pre-treated saliva 

after a water or chlorhexidine rinse (N=12). Bars with different characters were significantly 

different. 

Panel B. Lactic acid production of biofilms (average ± s.d.) formed from differently pre-treated saliva 

after a water or chlorhexidine rinse(N=12) . Bars with different characters were significantly 

different.   
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Sequencing data analysis 

Effects of pretreatment of saliva inocula with PMA 

When saliva was treated with PMA or inactivated PMA, the CFU count decreased by 

76% and 71%, respectively. The composition of the saliva also changed as a result of 

PMA treatment (fig. 3). The total number of OTUs decreased from 86 in untreated 

saliva to 68 in PMA-treated saliva. Treating saliva with inactivated PMA did not 

reduce the number of OTUs (85), but it did change the composition. The genera 

Neisseria and Haemophilus were affected to a large extent, as their relative 

abundance was decreased as a result of treatment with either PMA or inactivated 

PMA. 

 

Figure 3. The composition of differently pre-treated saliva that was used as inocula for biofilm 

formation. Data show bacterial taxa (family or genus if only one genus comprised the family or 

unclassifiable bacteria within one phylum). A version in colour is available in Appendix 1, page 122. 

 

Biofilms that were formed with the different inocula were dominated by genera 

Streptococcus and Veillonella (fig. 4). Pre-treating saliva with PMA (active or 

inactivated) resulted in biofilms that contained fewer OTUs (19 (SD 4)  for the PMA 

pre-treated saliva vs 34 (SD 4) for the untreated saliva). 
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Figure 4. The composition of biofilms formed from differently pre-treated saliva (inoculum) after a 

water or chlorhexidine rinse (rinse) and a post-rinse treatment with PMA or control (post-rinse 

treatment) at a genus level. Each bar represents an average from 4 biofilms per group. A version in 

colour is available in Appendix 1, page 123. 

 

Effects of 0.2% chlorhexidine on biofilms 

Rinsing with 0.2% CHX resulted in a decrease in the proportion of streptococci 

irrespective of the inoculum (fig. 4). When all data from the different inocula were 

combined the proportion of streptococci showed a statistically significant decrease 

from 58% (SD 12) to 45% (SD 8) after rinsing with 0.2% CHX, but without a post-rinse 

PMA treatment (fig. 4, the bars indicated with post rinse treatment “control”). 

Principal component analysis (PCA) revealed that the CHX rinse had an effect on 

sample clustering in the absence of post-rinse PMA treatment (fig. 5, black squares 

vs grey squares). These results were independent of the inoculum used. It should be 

noted that component 1 explained 95% of the variation, and component 2 only 

explained 3% of the variation, indicating that biofilms differ mainly on the x-axis of 

the graph.  
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Figure 5. Principal component analysis plot of the first two components with biofilms formed from 

differently pre-treated saliva (indicated by the data point labels) after a water rinse (grey symbols) or 

chlorhexidine rinse (black symbols) and a post-rinse treatment with PMA (circles) or control 

(untreated, squares).  

 

Principal coordinate analysis (PCoA) of weighted UniFrac distances revealed that 

biofilms rinsed with 0.2% CHX but without post-rinse PMA treatment overlapped 

with those of the water rinse groups (fig. 6, black squares vs grey squares).  

Effects of post-rinse PMA treatment 

The post-rinse treatment with PMA enhanced the observed compositional shifts  

(fig. 4), for the combined data of all inocula the proportion of streptococci decreased 

statistically significant from 45% (SD 8) without PMA treatment to 20% (SD 7) with 

PMA treatment (fig. 4, the bars indicated with rinse “0.2% CHX”). The effect of post-

rinse treatment with PMA on water-rinsed biofilms was smaller and not statistically 

significant (58% (SD 12) without PMA treatment to 65% (SD 9) with PMA treatment. 

(The bars indicated with rinse “water”). 
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Principal component analysis (PCA) revealed a minor effect of post-rinse treatment 

with PMA on water-rinsed biofilms (fig. 4) (grey squares vs grey circles). A post rinse 

PMA treatment on the 0.2% CHX rinsed biofilms caused the PMA treated biofilms 

(black circles) to cluster away from the non-PMA treated biofilms (black squares). 

The observed differences for the 0.2% CHX rinse (black squares vs grey squares) 

were enhanced by the post-rinse PMA treatment (black circles vs grey circles). 

Figure 6. Principal coordinate analysis plot of the first two coordinates of the weighted UniFrac 

distance data from biofilms formed from differently pre-treated saliva (indicated by the data point 

labels) after a water rinse (grey symbols) or chlorhexidine rinse (black symbols) and a post-rinse 

treatment with PMA (circles) or control (untreated, squares). 

 

Principal coordinate analysis showed a minor effect of post-rinse PMA treatment on 

water rinsed biofilms (fig. 6, grey circles vs grey squares). A post-rinse PMA 

treatment on 0.2% CHX rinsed biofilms caused the PMA-treated biofilms (black 

circles) to separate from the untreated biofilms (black squares). Post-rinse PMA 

treatment also caused the 0.2% CHX rinsed biofilms (black circles) to cluster away 

from the water-rinsed controls (grey circles), suggesting quantitative changes in 

biofilm composition. 
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Discussion 

Our data show that compositional shifts in biofilms after a single exposure to 0.2% 

CHX, as determined by 16S rRNA gene amplicon sequencing, are partly obscured by 

the presence of DNA from non-viable cells. Introducing a PMA treatment step 

increased the compositional differences between water-rinsed and 0.2% CHX-rinsed 

biofilms. The composition of water-rinsed biofilms did not change substantially as a 

result of post-rinse treatment with PMA. Both, the biofilm viability, as determined by 

CFU counts, and metabolic activity decreased as a result of a single 0.2% CHX 

treatment. 

The finding that PMA treatment enables the distinction between live and dead cells 

in PCR is not new. A number of authors have addressed this issue, and the method 

has been used in various applications. Loozen et al. (2011) showed that this 

approach could be used to enumerate dental pathogens. Our paper is the first to 

report the necessity of PMA treatment in evaluating the efficacy of a mild 

antimicrobial treatment of biofilms. The susceptibility of individual species to 

antimicrobial treatment may vary, which might lead to compositional shifts, in 

addition to the observed overall killing effect. This finding was observed in the 

current study. 

Whether PMA only blocks DNA from cells with compromised membranes has been 

extensively studied without convincingly showing that PMA is 100% selective. In 

most studies, controls with 100% live cells still showed an effect of PMA treatment 

(Loozen et al., 2011, Nocker et al., 2009). This finding could be due to the presence 

of a small proportion of dead cells in the 100% live cell control, but the possibility 

that PMA could – to a limited extent – enter viable cells cannot be ruled out. In the 

current study, we aimed to prove the selectivity of PMA by pre-treating saliva with 

PMA and using the pre-treated saliva to form biofilms. The data showed that PMA 

inhibited the growth of cells, resulting in lower CFU counts for pre-treated saliva. In 

addition to blocking cell growth, a shift in the composition of the saliva as a result of 

PMA treatment was observed. However, this shift was a combination of the 

presence of non-viable cells in saliva and a possible effect of PMA treatment on 

viable cells.  
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The biofilms formed with the pre-treated saliva showed a reduction in the number of 

OTUs, indicating that PMA treatment influenced the growth ability of a variety of 

cells.  

The inhibition of cell growth by PMA treatment has not been reported previously. 

PMA is generally used just prior to DNA extraction and amplification. However, from 

the current data, it appears that PMA can interact with cells that still have the 

capability to grow.  

Light-inactivated PMA was used as a control. Nocker et al. (2006) and others have 

described that an excess amount of PMA reacts with water during exposure to 

intense light, thereby deactivating PMA. Apparently, this approach failed for the 

PMA stock solution, as inactivated PMA still influenced the bacterial composition of 

saliva to a large extent. However, inactivation was successful in the pre-treatment of 

saliva and the post-treatment assay, otherwise, the excess amount of PMA would 

not have been deactivated and would have inhibited DNA amplification.  

The pre-treatment of saliva with (inactivated) PMA resulted in three different 

inocula, which produced biofilms that were somewhat different. PMA treatment did 

not affect species that were predominantly present in the 48 h biofilms (Veillonella 

and Streptococci). But the pre-treated saliva’s did produce biofilms that had lower 

CFU counts, higher lactic acid production and were more susceptible to the CHX 

rinse. Although the differences were statistically significant they were small. The 

PMA treatment of water-rinsed biofilms also resulted in a compositional shift. This 

shift most likely primarily reflects the presence of dead cells in the biofilms as a 

result of the 48 h growth period, although it cannot be excluded that PMA might also 

block the DNA of viable cells to some extent. The latter problem has been 

investigated by Fittipaldi (2011) in an elegant design, and the authors reported that 

only a small percentage of the control population should be regarded as false 

positive, i.e. found to be non-viable using PMA treatment but actually viable. 

Nevertheless, the compositional shift in the 0.2% CHX-treated biofilms after PMA 

treatment was far larger than in the water-rinsed biofilms, indicating that PMA 

treatment enhanced the observed compositional shift. 
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As any other molecular-biology-based method, 16S rRNA gene amplicon sequencing 

suffers from typical bias of DNA extraction and amplification, such as selectivity of 

primers and intrinsic differences in the amplification efficiency of templates (Zaura, 

2012). Therefore studies based on these methods require scientifically sound 

experimental design with replicate samples (Rogers and Bruce, 2010). We have 

analyzed four replicate biofilms per group, allowing statistical analyses of the data. 

To reduce potential amplification and sequencing errors in the data, we have applied 

stringent data quality filtering protocol, including data denoising and removal of 

chimeric sequences. 

The experiment was performed with saliva from a single donor. The main focus was 

on the effect that a PMA treatment has on the measured composition of the water- 

or CHX rinsed biofilms. The variation between donors in both the effect of the CHX 

rinse or the effect of PMA treatment was not the aim of the current study.  

We conclude that a mild anti-microbial treatment resulted in shifts in the 

composition of polymicrobial biofilms, but these shifts were partly obscured by the 

presence of DNA from non-viable cells. The removal of DNA from non-viable cells 

with PMA treatment appears to be an important improvement in the detection of 

shifts in in vitro polymicrobial biofilms.  

The finding that PMA influences the viability of cells is an issue that needs to be 

investigated further. Whether non-viable cells affect the reported composition of in 

vivo or in situ biofilms remains to be studied.  
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Abstract 

Objectives 

The use of an anti-microbial mouthwash results not only in a reduction of the 

number of viable cells in dental plaque but potentially also in a shift in the oral 

microbiome. DNA based techniques may be appropriate to monitor these shifts, but 

these techniques amplify DNA from both dead and living cells. Propidium monoazide 

(PMA) has been used to overcome this problem, by preventing the amplification of 

DNA from membrane-damaged cells. The aim of this study was to evaluate the use 

of PMA when measuring compositional shifts in clinical samples after mouthwash 

use.  

Materials & Methods 

On two consecutive days baseline samples from buccal surfaces, tongue and saliva 

were obtained from six volunteers, after which they used a mouthwash (Meridol, 

GABA, Switzerland) twice-daily for 14 days. Subsequently similar samples were 

obtained on two consecutive days. The microbial composition of the samples, with 

or without ex vivo PMA treatment, was assessed with 16S rRNA gene amplicon 

sequencing.  

Results 

Data showed a clear effect of mouthwash usage  on the tongue and saliva samples. 

PMA treatment enhanced the observed differences only for the saliva samples. 

Mouthwash treatments did not affect the composition of the plaque samples 

irrespective the use of PMA.  

Conclusions 

The necessity to use a PMA treatment to block the DNA from dead cells in clinical 

studies aimed at measuring compositional shifts after the use of a mouthwash is 

limited to salivary samples.  

Clinical Relevance 

Measuring shifts in the oral microbiome could be hampered by the presence of DNA 

from dead cells. 
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Introduction 

Most chronic oral infections are caused by microorganisms residing in a 

polymicrobial biofilm. Prevention and controlling of these infections may be 

achieved by the use of antibiotics and anti-microbials. The latter are designed to 

interfere with bacterial adhesion or bacterial metabolism, or to reduce bacterial , 

hence plaque, outgrowth (Marsh, 2012). Besides overall plaque reduction 

mouthwashes might induce a shift in the microbial composition of dental plaque 

(Mengel et al., 1996; Lingstrom et al., 2012). 

In recent years the technologies to monitor the composition of biofilms have 

improved. Especially culture-independent DNA-based techniques have become 

available and are now widely used (Bizarro et al., 2013; Mason et al., 2013; Kistler et 

al., 2013; Crielaard et al., 2011; Ozok et al., 2012). A disadvantage of these 

technologies is that they do not differentiate between viable and dead bacterial 

cells. When evaluating the effects of anti-microbial compounds this might lead to an 

underestimation of the efficacy of treatments. Propidium monoazide (PMA) has 

been proposed to overcome this problem (Nocker et al., 2006). After PMA is 

covalently linked to DNA by photoactivation, this DNA cannot be amplified by PCR, 

which is required prior to analysis by amplicon-based sequencing methods. The 

intense light required for this photoactivation also inactivates the non-bound PMA. 

PMA does not penetrate cells that have an intact cell membrane and PMA treatment 

is therefore potentially suitable to distinguish between living and dead cells. This 

concept has been tested in a number of studies on single species (Nocker et al., 

2006; Nocker et al., 2007), a study with oral pathogens (Loozen et al., 2011) and 

studies on more complex samples (Nocker et al., 2009; Lin et al., 2011). However, 

limited data are yet available on the necessity of including PMA treatments when 

analyzing compositional shifts after a relatively mild anti-microbial treatment. In a 

recent study we showed that PMA enhanced the observed differences after a 

chlorhexidine treatment in an in vitro polymicrobial saliva derived biofilm model 

(Exterkate et al., 2014). Yet, it remains unclear to what extend PMA enhances the 

observed compositional shifts also in samples from a clinical study. 

The aim of this study was to evaluate the use of PMA when measuring compositional 

shifts in clinical samples after using a mouthwash for a short period of time. 
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Materials & Methods 

Study design 

The study was approved by the Medical Ethical Committee of the VU University 

Medical Center Amsterdam. Six healthy volunteers participated in the study. They 

were asked to visit the laboratory four times. One week before the first visit they 

started to use a standard toothpaste (Prodent Cool Mint, Unilever, The Netherlands) 

twice daily, which was used throughout the study. The first and second visit were 

planned on two consecutive days after this one week washout period. After the 

second visit volunteers started to also use an AmF/SnF2 mouth-rinse (meridol, GABA, 

Switzerland) twice daily, immediately following toothbrushing. They were asked to 

rinse with 10 ml mouthwash for 30 seconds using a timer. After using the 

mouthwash volunteers were asked not to drink or eat for 1 h. The third and fourth 

visit were held on two consecutive days after a 14-day period of mouthwash use. 

The volunteers refrained from brushing in the 24-h period before the visit(s). The use 

of the mouthwash was continued and the last mouthwash was 2 h before the 

scheduled time of the visit, after which volunteers refrained from eating and 

drinking.  

During each visit six separate samples were taken, two plaque samples, two tongue 

samples and one saliva sample, which was aliquoted. Each plaque sample was 

collected from the buccal surfaces of two molars in contralateral quadrants. One 

plaque sample was taken from the 16 and 27 with a sterile plastic ash and collected 

in a sterile 1.5 ml Eppendorf ®tube containing 100 µl sterile PBS. The other sample 

was collected from the buccal surfaces of the 26 and 17 in the same way.  One 

sample was treated with PMA while the other sample was left untreated. At visits 1 

and 3 the samples from the 16/27 were treated with PMA and at the visits 2 and 4 

the samples from 26/17 were treated with PMA. 

For the tongue samples the tongue was virtually divided in half. A sterile micro-brush 

(Microbrush International, Grafton, USA) was used to collect one sample from each 

half. The tip of the micro brush was cut-off and stored in a sterile 1.5 ml Eppendorf® 
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tube containing 50 µl sterile PBS. On visits 1 and 3 the left-half sample was treated 

with PMA on visits 2 and 4 the right-half sample was treated with PMA.  

Volunteers were asked to donate Parafilm® stimulated saliva (appr. five ml). After 

thorough mixing two 500 µl samples were taken. One sample was treated with PMA 

and the other sample was left untreated.  

This overall design resulted in 24 samples per subject. The samples obtained from 

the subjects before the two weeks mouthwash period will be referred to as baseline 

samples. The samples after the two week mouthwash period will be referred to as 

post-rinse samples. The samples that were treated with PMA after collection will be 

referred to as PMA-treated samples. 

PMA treatment 

One mg Propidium monoazide (Biotum Inc., Hayward, USA) was dissolved in 100 µl 

20% DMSO to give a 20 mmol/L stock. All samples were treated with 50 µmol/L PMA 

(Nocker et al., 2006; Loozen et al.,2011). In order to obtain this concentration 1.3 µl 

of PMA stock was added to 500 µl saliva. For the tongue and plaque samples the 

PMA stock was diluted ten times. To 100 µl plaque sample 2.5 µl diluted PMA-stock 

was added and 1.3 µl diluted PMA-stock was added to the 50 µl tongue samples. 

The samples were incubated in the dark for five minutes and then exposed to 

intense light for two minutes using a 650 W halogen lamp at 25 cm from the 

samples. The samples were kept on ice during this procedure (Nocker et al., 2006). 

After PMA treatment the samples were stored at -80 
o
C until further use. 

DNA extraction, amplicon preparation and pyrosequencing 

Bacterial DNA was extracted as described previously (Crielaard et al., 2011),  

quantified (Quant-iT™ PicoGreen ® dsDNA Reagent and Kits, Molecular probes inc, 

Willowcreek) and stored at -20°C until further analysis. 

Barcoded amplicon libraries of the small subunit ribosomal RNA gene V5-V7 

hypervariable region were generated for each of the samples as described previously 
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(Kraneveld et al., 2012), pooled and sequenced by means of the Genome Sequencer 

FLX Titanium system (Roche, Basel, Switzerland).  

Sequencing data analysis 

The sequencing data was processed using QIIME (Quantitative Insights Into Microbial 

Ecology) version 1.5.0 (Caporaso et al., 2010) as described previously (Kraneveld et 

al., 2012). To allow comparisons among different samples from the same source, the 

dataset was randomly subsampled to a standardized number of reads/sample (3830 

for plaque, 4040 for tongue and 960 for saliva samples). Then an OTU-based ß 

diversity approach was used. For this, a normalized OTU abundance table was used 

in Principal Component Analysis (PCA), using PAST software (Hammer et al., 2001). 

In addition to an OTU-based approach, phylogenetic measures of community ß 

diversity  - weighted UniFrac, a quantitative measure (Lozupone et al., 2007) was 

applied. Principal coordinates
 
analysis (PCoA) was used to compare groups of 

samples based on weighted UniFrac distance metrics.  

Calculating distances between samples 

The Unifrac distances data allow for the calculation of the weighted distance 

between two samples using  the phylogenetic tree. The distances between samples 

from the same subject were used for the following comparisons for each of the 

sample sources. 1) “Baseline_noPMA vs duplicate baseline-noPMA”, which is an 

indication for the variation between the baseline samples. 2) “Baseline_PMA vs 

Baseline_noPMA” would show the effect of the PMA treatment on baseline samples. 

3) “Baseline_noPMA vs Post-rinse_noPMA” shows the effect of the rinse period. And 

finally, 4) the “Baseline_PMA vs Post-rinse_PMA”, which shows the effect of PMA on 

the measured effect of the rinsing period.   

Statistical analysis 

The OTU data were analysed statistically using analysis of similarity (ANOSIM)  

(Clarke, 1993) using PAST software (Hammer et al., 2001). The Bray-Curtis similarity 

index was used and p-values were corrected using Bonferroni correction for multiple 

comparisons. 
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Weighted Unifrac Distance data were analysed statistically using ANOVA with 

Tukey’s post-hoc test (IBM SPSS version 20). 

Results 

Bacterial composition 

The relative abundance of the 15 most abundant bacterial genera in three types of 

samples is shown in Figure 1. The microbiome data varied considerably between the 

six subjects. Therefore data are shown for each individual. For each individual the 

averaged data from the two samples per time point are shown.  

Even considering  the large-inter individual variation, some initial observations could 

be made. The main bacterial genera accounted for 92.4% (SD 4.4%) of the 

composition, indicating that the other genera accounted for, on average, 7.6% of the 

total flora (indicated by the bottom area ‘others’). The (general) composition of the 

plaque samples was neither affected by the rinse period nor by the PMA-treatment. 

However for subjects 1 and 5 the use of the mouthwash did result in a difference in 

the profiles from the baseline and post-rinse samples. The profile of the saliva 

samples  differed in the post-rinse samples treated with PMA. Also the tongue 

samples showed a different profile in the post-rinse samples compared to the 

baseline samples.  

Principal component analysis 

In Figure 2 the principal component analysis (PCA) plots are shown and Table 1 

shows the outcome of the Anosim analysis of the OTU data for the three types of 

samples. The data labels in Figure 2 indicate the subject number. The plaque 

baseline samples (fig. 2, panel A) clustered close to each other for each individual 

(filled symbols), it is also apparent that after PMA treatment samples from the same 

subject still clustered relatively close to each other. The post-rinse samples (open 

symbols) did not form clusters which were clearly separated from the baseline 

samples. The PMA treatment on the post-rinse samples did not create a separation 

(open squares vs open circles). Also the Anosim analysis did not reveal any significant 

differences between the plaque data (Table 1). 
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Figure 1. Relative abundance of the 15 most abundant bacterial genera in samples from the 

individual subjects from three different sources. From top to bottom: plaque, saliva and tongue 

samples.  From left to right per subject: baseline samples without PMA treatment, baseline samples 

with PMA treatment, post-rinse samples without PMA treatment and post-rinse samples with PMA 

treatment. A version in colour is available in Appendix 1, page 124. 
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Figure 2. Principal component analysis plot of the first two components of samples from the 

different time points with and without PMA treatment. From top to bottom: plaque samples, saliva 

samples and tongue samples. Each marker represents a single sample (● baseline samples without 

PMA, ■ baseline samples with PMA treatment, ○ post-rinse samples without PMA treatment, □ post-

rinse samples with PMA treatment). Data labels indicate the subject number. 
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p-values r-values 

   
baseline 

post-

rinse 

post-

rinse 
baseline 

post-

rinse 

post-

rinse 

   
no PMA PMA no PMA no PMA PMA no PMA 

Plaque baseline PMA 1.000 0.312 0.196 -0.003 0.113 0.145 

 
baseline no PMA 

 
0.689 0.614 

 
0.071 0.077 

 
post-rinse PMA 

  
1.000 

  
-0.070 

Saliva baseline PMA 0.064 0.001 0.001 0.214 0.584 0.523 

 
baseline no PMA 

 
0.001 0.002 

 
0.645 0.319 

 
post-rinse PMA 

  
0.001 

  
0.586 

Tongue baseline PMA 1.000 0.001 0.001 -0.060 0.480 0.615 

 
baseline no PMA 

 
0.008 0.001 

 
0.370 0.500 

 
post-rinse PMA 

  
0.171 

  
0.167 

 

Table 1. p-values and r-values from analysis of similarity (ANOSIM) of the OTU-data.  

P-values indicate which groups were significantly different. R-values signify dissimilarity  between 

groups, the higher the R-value the more dissimilar the compared groups are.  

 

The PCA data for the saliva samples showed a different pattern (fig. 2, panel B). The 

baseline samples  clustered per subject close to each other (filled symbols) while the 

PMA treatment did not result in a separation between the two groups of samples 

(filled squares vs filled circles). The post-rinse samples clustered away from the 

baseline samples (open symbols vs filled symbols).  This difference was enhanced by 

a PMA treatment (open squares vs filled squares). Differences between baseline and 

post-rinse samples were significant (Table 1). Also the post-rinse PMA treated 

samples were different from the post-rinse non-PMA treated samples, whereas the 

effect of the PMA treatment did not reach a statistically significant difference in the 

baseline samples (p=0.064). The main loadings for the first axis in the PCA plots (i.e. 

the main contributors to explaining the variance) were from OTU’s Veillonella and 

Haemophilus. Both groups showed a relative increase after the rinse period and after 

a PMA treatment. In contrast, the Streptococcus and Porphyromonas OTU’s both 

showed a decrease after the rinse period followed by the PMA treatment. For the 

second PCA axis the main loadings were also determined by Haemophilus and 

streptococci. 
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For the tongue samples PCA analysis showed a distinct effect of mouthwash usage 

(fig. 2, panel C). The post-rinse samples clustered away from the baseline samples 

(open symbols vs filled symbols). This data also showed a broader cluster for the 

post-rinse samples. PMA treatment of the baseline samples did separate these 

samples from the non-treated baseline samples (filled squares vs filled circles). This 

was also the case for the post-rinse samples (open squares vs open circles). Anosim 

analysis confirmed the findings from the PCA. The use of the mouthwash caused a 

significant difference in the tongue samples (baseline vs post-rinse samples, Table 1). 

The PMA treatment did not result in significant differences in the baseline nor in the 

post-rinse samples. 

The main loadings for the first axis in the PCA plots were from OTU Haemophilus 

which increased after the rinse period and the PMA treatment and OTU’s Veillonella 

and Prevotella which decreased after the rinse period. For the second axis the main 

loading was from Streptococcus which showed an increase after the rinse period. 

This increase was smaller when a PMA treatment was applied. Neisseria and 

Porphyromonas were among the main loadings for the second axis. Both decreased 

after the rinse period. 

Principal coordinate analysis 

In Figure 3 the principal coordinate analysis (PCoA) of UniFrac distances data are 

shown for the three types of samples. These results were in agreement with OTU-

based PCA analysis (fig. 2). 

Panel A shows the plaque data. The data points for the baseline and post-rinse 

samples (filled symbols vs open symbols) did not separate, indicating that there were 

no differences. The PMA treatment did not create separate clusters either (filled 

squares vs filled circles and open squares vs open circles).  

Panel B shows that the post-rinse saliva samples form a separate cluster from the 

baseline saliva samples (open symbols vs closed symbols). The post-rinse samples 

without PMA treatment (open circles) did not separate completely from the baseline 

samples (filled circles). The separation was enhanced by the PMA treatment (open 

squares vs filled squares). The post-rinse PMA treated samples (open squares) 

separated from the other samples. 
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Figure 3. Principal coordinate analysis plot of the first two components of samples from the 

different time points with and without PMA treatment. From top to bottom: plaque 

samples, saliva samples and tongue samples. Each marker represents a single sample (● 

baseline samples without PMA, ■ baseline samples with PMA treatment, ○post-rinse 

samples without PMA treatment, □ post-rinse samples with PMA treatment). Data labels 

indicate the subject number. 



 PMA-treatment and bacterial composition    •  93 

The tongue samples (panel C) showed that the baseline samples (filled symbols) 

separated from the post-rinse samples (open symbols). PMA treatment did not 

create a separate cluster for either the baseline samples (filled squares vs filled 

circles) nor for the post-rinse samples (open squares vs open circles). 

Distances between samples 

The averaged distances between the respective groups in the PCoAnalysis on UniFrac 

weighted distance data are shown in Figure 4. The data shows that there were no 

significant differences between the plaque samples. The saliva data showed that the 

PMA treated baseline samples separated from the non-treated baseline samples. 

Also the post-rinse samples showed a significant difference in the distance compared 

to the non-PMA treated baseline samples. Moreover, the comparison between the 

PMA-treated baseline samples and PMA-treated post-rinse samples showed that the 

distance between samples as a result of the rinse period increased when a PMA 

treatment was applied. 

The tongue samples showed a clearly increased distance between the baseline 

samples and the post-rinse samples. The data also showed that a PMA treatment of 

the baseline samples or the post-rinse samples did not result in an increased 

distance between the samples.  

Discussion 

The current study shows that a two-week period of twice daily rinsing with a mild 

anti-microbial mouthwash affected the bacterial composition of saliva and tongue 

samples, while dental plaque samples did not show a significant shift in composition. 

A PMA treatment enhanced the observed differences only for the saliva samples.  
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Figure 4. Averaged weighted distances between groups of samples in the phylogenetic tree. 

For each subject the distances between samples were calculated. For each source four 

comparisons were made. Each bar represents the averaged distance for the samples of the 

six subjects. Bars with the same symbol within each sample source are not statistically 

different (p<0.05). 

 

As a result of the daily use of mouthwashes not only the amount of plaque on tooth 

surfaces and tongue but also the composition of these plaques might change. 

Mouthwashes should shift plaque towards a more healthy composition. Such shifts 

are now being assessed by DNA-based techniques. A disadvantage of these methods 

is that vital and non-vital bacterial cells cannot be distinguished. Several studies have 

already shown that PMA treatments enable the discrimination between live and 

dead cells both in in vitro studies (Loozen et al., 2011; Nocker et al., 2009; Lin et al., 

2011) and in clinical samples (Kim et al., 2013; Yasanuga et al., 2013). Most studies 

using PMA treatments were performed using Quantitative-PCR and were aimed at 

determining the numbers of selected species. Assessing the effect of a PMA 

treatment on compositional shifts has been limited. Alvarez (Alavarez et al., 2013) 

showed in a 5-species biofilm model that PMA treatments allowed for the 

determination of viable cells after a treatment with cetylpyridinium chloride (CPC). 

Exterkate (Exterkate et al., 2104), showed in vitro that PMA treatments enhanced 

the observed differences in biofilm composition after a Chlorhexidine rinse. This 
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implies that PMA treatments may be necessary to obtain a correct picture of the 

bacterial composition after antibacterial treatments.  

The current study assessed shifts in the bacterial composition of clinical samples as a 

result of mouthwash usage. Such compositional shifts will only be observed if various 

bacterial species are affected differently by the mouthwash. We note that, in 

general, compositional shifts after mouthwash applications may be due to either 

selective killing or selective outgrowth of specific species. Moreover, PMA treatment 

will only  lead to different  measured composition if the ratio between dead and live 

bacterial cells is different for different species.  

In the current study the most pronounced effect of the mouthwash on bacterial 

composition was measured for the tongue samples. A clear compositional shift 

occurred after two weeks mouthwash use. This shift was apparently not affected by 

the presence of non-viable cells in the tongue samples, as PMA treatment did not 

enhance or reduce the observed rinse effect. This finding suggests that the 

composition of the tongue samples shifted towards increased numbers of species 

that were less susceptible to the AmF/SnF containing mouthwash. Another 

possibility would be that the observed shift is caused  by selective outgrowth of 

specific species. From the lack of a PMA effect we conclude that DNA from cells 

killed during antimicrobial treatment is quickly removed i.e. within the two hour 

timeframe between the last rinse and the collection of the samples, unless such 

killing was not selective. 

The salivary microbiome changed as a result of the two weeks mouthwash period. 

Bacteria in saliva are derived from biofilms from all oral surfaces (both hard and soft 

tissues). A shift in the composition of saliva therefore reflects changes in the oral 

biofilms. PMA treatment showed a clear effect on the measured composition of both 

baseline and post-rinse salivary samples. This finding indicates that for both types of 

saliva samples the ratio’s between living and dead cells were different for the various 

species. A possible explanation for the PMA effect could be that, as salivary bacteria 

are derived from all oral surfaces, saliva typically contains shedded cells from oral 

biofilms, and therefore contains a higher proportion of dead cells. Also salivary anti-

microbial peptides could influence the ratio between live and dead cells. This effect 
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could be more pronounced in saliva than in plaque or tongue samples. The shift in 

composition after a PMA treatment was more apparent for the post-rinse samples 

than for the baseline samples, which is also an indication that the post-rinse samples 

contained a higher amount of dead cells than the baseline samples.  

In two out of six subjects the bacterial composition of the plaque samples changed 

after the two week mouthwash period. In the other subjects no changes could be 

observed. The buccal dental surfaces were brushed 24 hours before the visit to the 

clinic and the mouthwash use was continued up to 2 h prior to the visit in the dental 

clinic. Any plaque accumulation occurred by outgrowth of the bacteria that were left 

after brushing or from those species that newly adhered and grew out in that 24h 

timeframe. The fact that no shifts in the composition were observed for the buccal 

plaque samples indicates that the mouthwash did not influence outgrowth or 

recolonization of these surfaces. The PMA treatment did not induce shifts in the 

measured composition, indicating that either the cells that were killed by the 

mouthwash were removed quickly or that killing of the cells was not selective.  

The current study was not aimed at determining the overall efficacy of a mouthwash, 

as would be evidenced by reduced plaque scores or bacterial cell counts in saliva. 

Instead, the rationale for this study was whether PMA treatments have an effect on 

the measured bacterial composition, presumably resulting in a more accurate 

account of the viable bacteria in the respective microbiomes.  

From the current study we conclude that measuring compositional shifts in tongue 

and plaque samples using DNA-based techniques is not affected by DNA from dead 

cells. 

In contrast, the measured composition of salivary samples was influenced by the 

presence of DNA from dead cells. The necessity to use a PMA treatment to block the 

DNA from dead cells in clinical studies studying mouthwashes and aimed at 

measuring compositional shifts seems to be limited to salivary samples.  

In general, we conclude that caution is indicated when DNA based methods are used 

to determine bacterial composition of (in vivo) biofilms. In the current study sample 

type and effect of rinse differed in the extent to which dead cells affected the 
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outcome. Therefore including a treatment step in the sample analysis, such as PMA 

binding to the DNA from dead cells, should always be considered.  
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Summary and Future Perspectives. 
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There is a need to develop new preventive agents that target the oral microflora. For 

this adequate testing models are required that allow for the screening of these 

agents.  

 

This thesis describes a number of experiments that were performed to develop, test 

and utilize a biofilm model suitable for this purpose. The prerequisites for such a 

model were: (i)  biofilm formation should be reproducible and based on the active 

attachment of bacteria to a substratum (ii) besides single species biofilms it should 

allow the screening of complex polymicrobial biofilms, (iii)  it should be possible to 

use various types of substrata and (iv) it should be possible to compare various 

antimicrobial compounds, concentrations and treatment times in a single 

experiment.  

Based on the available models in combination with these prerequisites, a new active 

attachment model was developed. This model consisted of a custom designed 

stainless steel lid with 24 clamps that fitted on top of standard 24-well plates 

(Greiner, The Netherlands). The clamps allowed for the use of various substrata to 

grow biofilms on. The advantage of the model was that all biofilms, even though 

grown in separate wells, could be ‘handled’ at the same time. The fact that biofilm 

substrata were attached to the lid, allowed for a high degree of control with respect 

to exposure to nutrients and/or agents for treatment. The 24 biofilms grown 

independently in one experiment allowed for a range of concentrations or agents to 

be tested in a single run. For the testing of different exposure times multiple models 

should be run in parallel. 

In chapter 2 the suitability of the model was evaluated using both single species  

S. mutans and saliva derived polymicrobial biofilms. The output parameters of the 

model were total CFU count, and lactic acid production. First, the reproducibility of 

the model in terms of CFU counts of the biofilms that were formed from overnight 

cultures of S. mutans C180-2, freshly collected saliva and frozen saliva was 

determined. Subsequently, the effect of biofilm type (single species biofilm or 

polymicrobial biofilm) and biofilm age on the treatment efficacy of a range of 

concentrations of aminefluoride (Olaflur, Gaba, Switzerland) was measured. Overall 

this data showed that the model is adequately sensitive to allow dose-response 
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relations to be assessed, both in terms of CFU counts and in lactic acid production. 

Polymicrobial biofilms proved less sensitive to aminefluoride with respect to cell 

viability, but aminefluoride significantly inhibited the metabolic activity of both 

single species S. mutans C180-2 and polymicrobial biofilms. This study showed that 

single species biofilms lack the complexity necessary to allow for a proper evaluation 

of caries preventive compounds. Using polymicrobial biofilm models proved to be a 

more appropriate approach. Moreover, the efficacy of a potential antimicrobial 

agent needs to be judged on the reduction of acid formation (i.e. cariogenic 

potential) as well as on the bacterial viability. 

In chapter 3 the effect of adding arginine to the growth medium on biofilm 

metabolism was studied. Arginine is a substrate for alkaline production by bacteria.  

In the past, studies on arginine effects on alkaline production have focused on single 

species, saliva sediment or plaque. Studying arginine effects in polymicrobial biofilm 

models could be an approach to bridge the gap between data obtained from single 

species experiments and ex vivo or in vivo studies. Alkaline production was found to 

be reduced by the presence of sucrose, a low buffer capacity and a low pH (≤ pH 

4.5). Alkaline production increased with increasing biofilm age, irrespective the 

presence or absence of sucrose. In fact, the inhibiting effect of sucrose decreased 

with increasing biofilm age. Studying the effects of specific additives on the 

metabolism of polymicrobial biofilms might help to extend our knowledge beyond 

the data obtained from well-controlled single species experiments.   

In the studies described in chapters 2 and 3 polymicrobial biofilms were formed but 

their composition was not determined. As novel developed agents are not 

necessarily aimed at eradicating oral bacteria but should be aimed at limiting plaque 

growth or even at selectively suppressing specific species, it was deemed important 

to determine the composition of the biofilms formed. The composition of 

polymicrobial biofilms is difficult to be determined by culturing techniques. Recently, 

culture independent DNA-based technologies have become available and these are 

more appropriate than traditional culturing techniques. 

But at the same time DNA-based technologies do not allow for the discrimination 

between live and dead cells, which is a major drawback. Killing efficacy of 

antimicrobial treatments might be underestimated as the DNA of non-vital cells is 
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included in the analysis. A treatment with propidium monoazide (PMA) has been 

proposed to overcome this problem. For this, cells are incubated with PMA allowing 

PMA to penetrate cells with compromised membranes and bind to their DNA. 

Photolysis of PMA using bright visible light forms a covalent link to DNA. As a result 

this DNA cannot be amplified by PCR. Any remaining unbound PMA is simultaneously 

inactivated by reacting with water. In chapter 4 this approach was tested on saliva 

derived polymicrobial biofilms. The effect of PMA on viable cells was evaluated by 

treating the saliva with PMA prior to biofilm formation. Biofilms were formed with 

both untreated and PMA-treated saliva. After 48 h the formed biofilms were treated 

once with a 0.2% chlorhexidine rinse (0.2% CHX, Meridol perio, GABA, Switzerland). 

After the treatment lactic acid production by the biofilms was determined. 

Subsequently, the biofilms were harvested and left untreated or treated with PMA. 

Exposure to 0.2% CHX reduced the viability and metabolic activity of 48 h biofilms. 

The shift in the bacterial composition of the biofilms observed after the CHX 

exposure was enhanced after a post-rinse treatment with PMA. The effect of PMA 

on the bacterial composition of water treated biofilms was small. When saliva was 

treated with PMA, i.e. prior to the biofilm formation, viability was reduced and the 

bacterial composition of both saliva and saliva-derived biofilms was shifted. It was 

concluded that a PMA treatment after an anti-microbial treatment improved the 

detection of shifts in in vitro polymicrobial biofilms after an antimicrobial treatment. 

But at the same time the study showed that PMA influenced the ability of cells to 

grow. Therefore, PMA should be used bearing these limitations in mind. The results 

obtained in chapter 4 lead to the question whether shifts in bacterial composition 

after short-term use of antimicrobials in vivo would also be masked by the presence 

of non-vital bacteria. Therefore in chapter 5 a study is described which evaluated the 

use of PMA in clinical studies involving a mild antimicrobial treatment. For this, six 

subjects were sampled for buccal plaque, tongue scrapings (with a microbrush) and 

saliva, twice before a two-week period of oral-rinse use and twice at the end of that 

period. Subjects were asked to brush with a regular toothpaste (Prodent CoolMint, 

The Netherlands) and to use an oral rinse twice daily (Meridol, GABA, Switzerland). 

Subjects refrained from oral hygiene, except for the oral rinse, in the 24 h before the 

sampling. At each time point two buccal plaque samples, two tongue scrapings and 



 

 summary and future perspectives •  105  

one saliva sample (that was subsequently split into two samples) were collected. One 

sample of each of these sampling sites was treated with PMA and the other one was 

left untreated. In total 24 samples per subject were collected. Data showed a clear 

shift in the bacterial composition of tongue and saliva samples after a 2-weeks use of 

the oral rinse. Buccal plaque samples did not show an effect of the oral rinse. Only in 

2 out of the 6 subjects there seemed to be an effect on the bacterial composition. 

PMA treatment enhanced the observed effects only for the saliva samples. The 

measured composition of both buccal plaque and tongue samples was not altered by 

the PMA treatment. It was concluded that the necessity to use a PMA treatment to 

block the DNA from non-vital cells in clinical studies aimed at measuring 

compositional shifts after the use of a mouthwash is limited to salivary samples. 

 

Overall the data showed that the new biofilm model allows for the screening of 

potential antimicrobial compounds. The sensitivity of the model was high enough to 

show dose response relations both in terms of CFU counts and metabolic activity 

with a selected anti-microbial. Moreover the model could show the effect of 

compounds added to the growth medium on important metabolic output 

parameters such as pH and ammonium production. Shifts in the bacterial 

composition of the polymicrobial biofilms could be monitored. Adding a PMA 

treatment step enhanced the observed effects. The concept of adding a PMA 

treatment step when measuring shifts in the composition of polymicrobial samples 

was also tested on clinical samples. Apparently a prolonged exposure to oral rinses 

restricted the need for the PMA treatment to show changes in bacterial composition 

of buccal plaque and tongue samples, whereas it still proved to be necessary when 

analyzing changes in saliva. 

 

Future research 

The experiments described in this thesis were limited to cariogenic biofilms. The 

biofilms grown in the respective studies were all grown in the presence of sucrose, 

resulting in biofilms dominated by Streptococci and Veillonella species. A possible 

target for future studies would be to grow biofilms that more closely reflect the 

original inoculum. The inoculum in the studies described in this thesis was diluted 
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saliva, but studies that use dispersed plaque or even paperpoint samplings from 

subgingival plaque as inoculum also seem feasible. Growing biofilms that reflect the 

inoculum requires growth conditions that allow for different types of biofilms to be 

formed. Studies with different growth media and refreshment schedules are needed 

in order to increase the applicability of the model. 

Ideally, future studies would allow the model to be used for biofilms reflecting 

different types of pathology. This would allow for the differentiation in the efficacy 

of agents based upon the composition of the biofilms. 

In the past couple of years the model has been utilized in PhD studies of fellow 

researchers within our research group. The model has also been used in research in 

collaborating labs outside of ACTA.  

When the model is developed further, allowing for different types of biofilms to be 

formed, it will be feasible to resolve some of the issues mentioned above. 
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Voor het ontwikkelen van nieuwe preventieve middelen die gericht zijn op de orale 

microflora, zijn er ook geschikte modellen nodig voor het testen van deze middelen. 

Het huidig proefschrift beschrijft een aantal experimenten die zijn uitgevoerd om 

een dergelijk model te ontwikkelen, te testen en te gebruiken. Een goed biofilm 

model moet aan een aantal voorwaarden voldoen; 1) Biofilm vorming moet 

reproduceerbaar zijn en biofilms moeten ontstaan door actieve aanhechting aan een 

substraat. 2) Naast biofilms van slechts één bacteriesoort (single species)  zouden er 

ook complexe polymicrobiële biofilms gevormd moeten kunnen worden. 3) Om 

biofilm vorming op verschillende materialen te kunnen testen zouden verschillende 

substraten gebruikt moeten kunnen worden. 4) omdat het een test model zou 

moeten zijn, zouden er meerdere testproducten, concentraties van producten en 

behandeltijden tegelijkertijd in één experiment met elkaar vergeleken moeten 

kunnen worden. 

Op basis van de combinatie van al beschikbare modellen en bovengenoemde 

vereisten werd een nieuw actieve aanhechting biofilm model ontwikkeld. Het model 

bestond uit een op maat gemaakte roestvaststalen deksel met 24 klemmen die 

precies past op standaard 24-wells platen (Greiner, Nederland). Door gebruik te 

maken van klemmen kan het materiaal waar de biofilms op worden gevormd 

gevarieerd worden. Door standaard 24-wells platen te gebruiken is het mogelijk om 

de biofilms in individuele compartimenten te groeien en/of te behandelen. 

Aangezien de substraten met de aangehechte biofilms aan het deksel vast zitten, is 

er een grote mate van controle op de blootstelling aan voedingsstoffen en test-

producten. Een enkelvoudig experiment bestaat op deze manier uit 24 biofilms en 

dat geeft de mogelijkheid om een range van concentraties van één product of 

meerdere test-producten tegelijkertijd te gebruiken. Als de behandeltijd gevarieerd 

moet worden kunnen er meerdere modellen parallel gebruikt worden. 

In hoofdstuk 2 werd de bruikbaarheid van het model geëvalueerd met behulp van 

zowel single-species Streptococcus mutans (S. mutans C180-2)  en van speeksel 

afgeleide polymicrobiële biofilms. De grootheden die werden gemeten waren het 

totaal aantal kolonievormende eenheden (KVE, CFU in het Engels) op basis van 

uitplaten en de hoeveelheid lactaat die geproduceerd werd door de biofilms.  

Als eerste werd de reproduceerbaarheid van het model gemeten door het aantal 
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KVE te bepalen van de gevormde biofilms. Daarvoor werden biofilms gegroeid vanuit 

overnacht culturen van S. mutans C180-2, vers verzameld speeksel en speeksel dat 

na verzameling was ingevroren. Uit de resultaten bleek dat de spreiding tussen 

verschillende experimenten klein was. Vervolgens werd in een reeks van 

experimenten het effect van de bron van de biofilm vorming (single-species en 

vanuit speeksel gegroeide biofilms)  en de leeftijd van de biofilms op de behandel 

efficiëntie van een reeks van concentraties van aminefluoride (Olaflur, GABA, 

Zwitserland) gemeten. De verzamelde data lieten zien dat het model gevoelig 

genoeg is om dosis-respons relaties te meten, zowel in termen van KVE-tellingen als 

ook in lactaat productie. Polymicrobiële biofilms waren minder gevoelig voor 

aminefluoride voor wat betreft het afdoden van cellen dan de single species biofilms. 

Maar behandeling met aminefluoride veroorzaakte een duidelijke en sterke afname 

van metabole activiteit van zowel de single species S. mutans biofilms als de 

polymicrobiële biofilms. 

Dit onderzoek toonde aan dat single species biofilms de complexiteit ontberen die 

een juiste evaluatie van preventieve middelen mogelijk maakt. In een polymicrobiële 

biofilm zorgen de onderlinge interacties ervoor dat de respons op een behandeling 

anders is dan in een single-species biofilm.  

Daarnaast zou de efficiëntie van een potentieel product niet alleen maar op basis 

van afdoding maar ook op basis van de metabole activiteit (vermindering van 

zuurproductie en daarmee vermindering van de cariogeniteit) moeten worden 

bepaald.  

In hoofdstuk 3 werd het effect van het toevoegen van arginine aan het groei medium 

op het metabolisme van biofilms onderzocht. Arginine is een substraat voor de alkali 

productie van bacteriën. Alkali productie is een belangrijk pH verhogend effect in de 

mond. In het verleden is het effect van arginine vooral onderzocht in vloeibare 

culturen van enkelvoudige bacteriën. Daarnaast zijn er ook studies gedaan aan het 

sediment van speeksel of plak monsters. Met behulp van experimenten met 

polymicrobiële biofilms zou de kloof tussen single-species biofilms en ex vivo of in 

vivo experimenten kleiner gemaakt kunnen worden. 

Uit de experimenten bleek dat de alkali productie door biofilms verminderde onder 

invloed van de aanwezigheid van sucrose, een lagere buffercapaciteit en een lage pH 

(pH ≤ 4.5). De alkali productie steeg met toenemende ouderdom van de biofilm, 
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ongeacht de aan- of afwezigheid van sucrose. In feite nam het remmende effect van 

sucrose af met toenemende biofilm leeftijd. Het bestuderen van effecten van 

specifieke toevoegingen aan het model op het metabolisme van polymicrobiële 

biofilms kan leiden tot kennis, die verder gaat dan de kennis die op basis van goed-

gecontroleerde single-species experimenten kan worden verkregen.  

In de experimenten die werden beschreven in de hoofdstukken 2 en 3 werd gebruik 

gemaakt van polymicrobiële biofilms maar de samenstelling daarvan werd niet 

bepaald. Omdat nieuw te ontwikkelen producten niet noodzakelijkerwijs gericht zijn 

op het volledig verwijderen van orale bacteriën maar meer gericht zijn op het 

onderdrukken van plak groei of zelfs selectief bepaalde (groepen) bacteriën 

onderdrukken, leek het van belang om de samenstelling van de biofilms zowel voor 

als na een behandeling te bepalen. Het gebruik van technieken die gebaseerd zijn op 

het DNA van bacteriën is een meer voor de hand liggende benadering voor het 

meten van de samenstelling van polymicrobiële biofilms omdat het gebruik van 

kweektechnieken lastiger is. Maar tegelijkertijd is het feit dat DNA-technieken geen 

onderscheid maken tussen levende en dode cellen een belangrijk nadeel. Afdoding 

door antimicrobiële behandelingen zou onderschat kunnen worden doordat het DNA 

van niet-vitale cellen meegenomen wordt in de analyse. Een behandeling met 

propidium monoazide (PMA) wordt wel gebruikt om dit probleem te voorkomen. 

PMA is een stof die alleen de cel kan penetreren als het celmembraan beschadigd is. 

Een cel met een beschadigd membraan is meestal een niet-vitale cel. Als PMA in de 

cel doordringt kan het binden aan het DNA. Door fotolyse met behulp van intens 

zichtbaar licht vormt PMA een covalente link met het DNA van de cel. Door het 

intense licht wordt ook het niet gebonden PMA geïnactiveerd door een reactie met 

water. Het DNA dat is gekoppeld aan PMA kan niet worden vermenigvuldigd met een 

PCR reactie en zal daardoor niet meegenomen worden in de analyse.  

In hoofdstuk 4 is deze benadering getest op van speeksel afgeleide polymicrobiële 

biofilms. Om te bepalen of PMA ook een effect heeft op vitale cellen, werd speeksel 

voorafgaand aan de biofilmvorming behandeld met PMA. Vervolgens werden 

biofilms gevormd met speeksel dat al of niet behandeld was met PMA. Na 48 uur 

biofilm vorming werden de biofilms eenmalig behandeld met 0.2% chloorhexidine 

(0.2% CHX, Meridol Perio, GABA, Zwitserland). Na de behandeling werden de 

biofilms blootgesteld aan 0.2% sucrose en werd de lactaat productie bepaald. 
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Vervolgens werden de biofilms geoogst en al of niet behandeld met PMA (post-

spoeling PMA). De samenstelling van de biofilms werd bepaald met behulp van 

pyrosequencing. 

De eenmalige behandeling met CHX verminderde de vitaliteit (KVE-waarden) en de 

metabole activiteit (lactaat productie) van de 48 uurs biofilms. De verschuiving in de 

microbiële samenstelling na de eenmalige behandeling met CHX werd vergroot door 

de post-spoeling PMA behandeling. Het effect van de post-spoeling PMA 

behandeling op met water behandelde biofilms (controle) was klein. Het behandelen 

van speeksel met PMA voorafgaand aan de biofilm vorming, leidde tot een afname 

van de vitaliteit en een verschuiving in de gemeten samenstelling van zowel het 

speeksel als de van dat speeksel afgeleide biofilms. Op basis van dit experiment kon 

worden geconcludeerd dat het meten van verschuivingen in biofilms ten gevolge van 

een eenmalige behandeling met een antimicrobieel middel kon worden verbeterd 

door een PMA behandeling. Maar tegelijkertijd liet dit experiment zien dat een PMA 

behandeling de vitaliteit van levende cellen beïnvloed en dat is een indicatie dat een 

PMA behandeling voorzichtig moet worden ingezet. 

De resultaten van hoofdstuk 4 leidde tot de vraag of verschuivingen in de bacteriële 

samenstelling in vivo na kort durend gebruik van een antimicrobieel middel ook 

gemaskeerd zouden kunnen worden door de aanwezigheid van niet-vitale cellen. 

Daarom werd er in hoofdstuk 5 een studie uitgevoerd om het gebruik van PMA in 

een klinische studie waarin een mondspoelmiddel werd getest te evalueren. In dit 

experiment werden bij 6 proefpersonen tandplak (van de buccale vlakken), tong 

schraapsel (met een microbrush) en speeksel afgenomen tweemaal voorafgaand aan 

en tweemaal na afloop van een periode van twee weken waarin een 

mondspoelmiddel werd gebruikt. De proefpersonen gebruikten gedurende die 

periode een standaard tandpasta (Prodent Coolmint, Unilever, Nederland) en 

tweemaal daags een mondspoelmiddel (Meridol, GABA, Zwitserland). In de 24 uur 

voorafgaand aan de monsternames poetsten de proefpersonen hun tanden niet, 

maar gebruikten ze wel het mondspoelmiddel. Op elk tijdstip werden 2 

plakmonsters, 2 tongschraapsels en 1 speeksel monster (dat daarna in tweeën werd 

gesplitst) afgenomen. Een van de monsters van elk van de bronnen  werd behandeld 

met PMA en de andere niet. De bacteriële samenstelling werd gemeten met behulp 

van pyrosequencing. De resultaten lieten een duidelijke verschuiving zien voor zowel 
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de tong als de speeksel monsters na het gebruik van het mondspoelmiddel. In de 

buccale plak monsters kon slechts bij 2 van de 6 personen een effect van het 

mondspoelmiddel worden aangetoond. Het gebruik van een PMA behandeling 

leidde alleen bij de speekselmonsters tot een additionele verschuiving, de gemeten 

samenstelling van de buccale plak en tongschraapsels werd niet beïnvloed door een 

PMA behandeling. Op basis van dit experiment werd geconcludeerd dat het gebruik 

van PMA om het DNA van niet-vitale cellen te blokkeren in klinische studies,  gericht 

op het meten van verschuivingen in de bacteriële samenstelling na gebruik van 

mondspoelmiddelen,  is beperkt tot speeksel monsters. 

De totale dataset laat zien dat het nieuw ontwikkelde model gebruikt kan worden 

voor het testen van potentiele antimicrobiële producten. De gevoeligheid van het 

model was groot genoeg om dosis-respons relaties aan te tonen voor zowel de 

afdoding (KVE-getallen) alsook de metabole activiteit. Het model kan ook gebruikt 

worden om de effecten van toevoegingen aan het groei medium op cruciale 

metabole activiteiten te meten. Verschuivingen in de samenstelling van 

polymicrobiële biofilms t.g.v. een behandeling kunnen worden gemeten en een PMA 

behandelingsstap vergrootte de waargenomen effecten. Het idee dat een PMA 

behandeling noodzakelijk is om een accurate bepaling van de verschuiving van de 

bacteriële samenstelling te meten werd ook getest in een klinische studie. Blijkbaar 

wordt door de langdurige blootstelling aan het mondspoelmiddel de noodzaak van 

een PMA behandeling van buccale plak en tongschraapsels beperkt. Maar voor 

speeksel monsters blijkt dat een PMA behandeling nog steeds voordelen biedt. 

Toekomstig onderzoek. 

De experimenten die in dit proefschrift worden beschreven waren beperkt tot 

cariogene biofilms. De biofilms werden allemaal gegroeid in de aanwezigheid van 

sucrose hetgeen resulteerde in biofilms die rijk waren aan streptokokken en 

veillonella soorten.  

Een doel voor toekomstige studies zou moeten zijn om biofilms te groeien die meer 

op het originele inoculum lijken. In de huidige studies is speeksel gebruikt als bron 

om biofilms mee te groeien, echter tandplak of zelfs paperpoint monsters als bron 

blijken ook al haalbaar. Maar het groeien van biofilms die meer op de originele bron 

lijken vergt ook groei condities die leiden tot andere typen gevormde biofilms. 



 nederlandse samenvatting en toekomstperspectief •  113 

Experimenten met verschillende groei-condities en verversingsschema’s zijn 

noodzakelijk om de mogelijkheden van het model uit te breiden. 

Idealiter zouden in het model biofilms gegroeid moeten kunnen worden die 

overeenkomen met biofilms die geassocieerd zijn met verschillende pathologieën. 

Als dat haalbaar blijkt te zijn, is het ook mogelijk om onderscheid te maken in de 

efficiëntie van potentiele middelen gebaseerd op de samenstelling van de biofilms. 

In de afgelopen paar jaar is het model in gebruik genomen in diverse projecten van 

collega onderzoekers binnen onze onderzoeksgroep en zelfs bij onderzoeksgroepen 

buiten ACTA waarmee samengewerkt wordt.  

Als het model doorontwikkeld wordt, waardoor er verschillende type biofilms 

gegroeid kunnen worden, zal het haalbaar zijn om sommige van bovengenoemde 

doelen te bereiken. 
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Figure 4. The composition of biofilms formed from differently pre-treated saliva (inoculum) after a 

rinse treatment with PMA or control (post
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Graphs from Chapter 5 

Figure 1. Relative abundance of the 15 most abundant bacterial genera in samples from the individual 

subjects from three different sources. From top to bottom: plaque, saliva and tongue samples.  From 

left to right per subject: baseline samples without PMA treatment, baseline samples with PMA 

treatment, post-rinse samples without PMA treatment and post-rinse samples with PMA treatment. 


