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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. 

 

pH 

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. 


