Effect of dental monomers and initiators on Streptococcus mutans oral biofilms
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Abstract
[bookmark: _Hlk493499030]Objectives. Resin-based composites are known to elute leachables that include unincorporated starting materials.  The objective of this work was to determine the effect of common dental monomers and initiators on Streptococcus mutans biofilm metabolic activity and biomass.
Methods. S. mutans biofilms were inoculated in the presence of bisphenol A glycerolate dimethacrylate (BisGMA), triethylene glycol dimethacrylate (TEGDMA), camphorquinone (CQ), and ethyl 4-(dimethylamino)benzoate (4E) at 0.01 µg/mL up to 500 µg/mL, depending on the aqueous solubility of each chemical.  Biofilms were evaluated at 4 h and 24 h for pH (n=3 to 8), biomass via crystal violet (n=12), metabolic activity via tetrazolium salt (n=12), and membrane permeability for selected concentrations via confocal microscopy (n=6).  Parametric and non-parametric statistics were applied. 
Results. 500 µg/mL TEGDMA reduced 24 h metabolic activity but not biomass, similar to prior results with leachables from undercured BisGMA-TEGDMA polymers.  50 µg/mL BisGMA reduced biofilm biomass and activity, slightly delayed the pH drop, and decreased the number of cells with intact membranes. 100 µg/mL CQ delayed the pH drop and metabolic activity at 4 h but then significantly increased the 24 h metabolic activity.  4E had no effect up to 10 µg/mL.  
Significance. Monomers and initiators that leach from resin composites affect oral bacterial biofilm growth in opposite ways.  Leachables, which can be released for extended periods of time, have the potential to alter oral biofilm biomass and activity and should be considered in developing and evaluating new dental materials.
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1. Introduction
	Dimethacrylate-based dental resins generally result in incomplete conversion of the monomers to polymers due to vitrification.  As a result, measurable levels of leachables can elute from the materials after polymerization [1-3].  Some of the leachable components may exhibit a burst release that declines over time, but in other cases leachables have been shown to elute for extended periods [4], especially if the final degree of conversion (DC) of the polymeric material is low [5].  Leachables are well-established as one of the primary causes for cytotoxicity to mammalian cells associated with dental polymers and composites [6-8].  The biological effects of leachables have also been shown to extend to the other living organisms in the oral environment – the oral microbes [9-11].  For instance, biofilms of Streptococcus mutans, an oral pathogen commonly associated with caries formation, have reduced metabolic activity when grown on low DC dental polymers; eluted leachables were identified as the main factor contributing to this effect [12].
	Leachables, as a general category, contain many different components, with the constituents depending on material parameters including polymer DC and polymer/composite chemistry.  Common monomers and initiators are often found in leachables eluted in aqueous-based solutions.  For instance, bisphenol A glycerolate dimethacrylate (BisGMA), triethylene glycol dimethacrylate (TEGDMA), camphorquinone (CQ), and ethyl 4-(dimethylamino)benzoate (4E) have all been identified in leachables from dental materials [2, 12-14].  The total quantity, concentration, and composition of the leachables detected depends on the elution conditions, including solvent type, volume of solvent, surface area of the sample, and duration of leaching [1].  Degradation products are also known to elute from dental polymers and composites, and some of these degradation products have been shown to impact bacteria [15, 16].
	While degradation products have been studied in isolation, the individual effects of monomers and initiators on oral biofilms are not known and are needed to better understand their potential effects on biofilm growth and viability.  Leachables are unavoidable with current dimethacrylate-based dental polymers and composites and could potentially be tuned to alter biofilms in a desirable way.  Therefore, the objective of this study was to determine the effects of individual dental resin components on S. mutans biofilm formation.  TEGDMA, BisGMA, CQ, and 4E were evaluated for their effects on biofilm acid production (via pH measurements), metabolic activity, overall biomass, and cell membrane integrity.

2. Materials and methods[footnoteRef:1]  [1:  	Certain commercial materials and equipment are identified in this article to specify the experimental procedure. In no instance does such identification imply recommendation or endorsement by NIST or that the material or equipment identified is necessarily the best available for the purpose.
] 

2.1. Materials
BisGMA and TEGDMA were obtained from Esstech Inc. (Essington, PA). Bacteria culture reagents were purchased from Becton, Dickinson and Company (Franklin Lakes, NJ), and the BacLight stain was purchased from Invitrogen Corp. (Carlsbad, CA), now part of Thermo Fisher Scientific Corp).  All other reagents were purchased from Sigma-Aldrich (St. Louis, MO).  All reagents were used as received.

2.2. Monomer/initiator solutions
	Stock solutions of 5.0 mg/mL TEGDMA, 0.5 mg/mL BisGMA, 1.0 mg/mL CQ, and 0.1 mg/mL 4E were prepared in 5 % dimethyl sulfoxide (DMSO), 95 % water (by volume).  Chemical structures of the resin components are shown in Fig. 1.  The maximum stock concentration of each component depended upon its solubility in 5 % DMSO.  Dilutions for bacterial experiments were prepared in 5% DMSO, 95 % water (by volume) to ensure all samples had the same amount of DMSO.  
	Laser light scattering (LLS) was performed on each stock solution to test for component aggregation.  The stock solutions were diluted 10-fold in phosphate buffered saline (PBS) to mimic the highest final concentration to which biofilms were exposed.  A commercial LLS spectrometer (BI-200SM) equipped with a digital time correlator and a compact solid-state diode-pumped Nd:Vanadate (Nd:YVO4) laser (λ0=532 nm) was used to perform dynamic light scattering (DLS) at 37 °C with a scattering angle of 90°.

2.3. Bacterial strains and biofilm inoculation
S. mutans Clarke UA159 from the American Type Culture Collection (ATCC 700610) were cultured in Todd Hewitt Broth (THB) overnight at 37 °C with 5 % CO2 (by volume).  Cultures were pulse-vortexed and diluted 1:100 in ¼ Todd Hewitt Yeast Extract (THYE) medium (THB + 5 mg/mL yeast extract) supplemented with 30 mmol/L sucrose to prepare the biofilm inoculum.  Biofilms were inoculated in 48-well polystyrene plates (Falcon) with 263 µL of inoculum plus 29 µL of resin component solution.  This 10-fold dilution for each component resulted in a final concentration of 0.5 % DMSO in the biofilm wells.  Control wells received either uninoculated growth medium (no growth control) or inoculated growth medium with 29 µL of 5 % DMSO (no additive control).  Biofilms were cultured at 37 °C, 5 % CO2 (by volume) and analyzed at 4 h and 24 h.

2.4. pH measurements
	When biofilms were ready for analysis, growth medium was first collected for pH measurements.  Media from triplicate wells were combined to have sufficient volume for the pH electrode.  For selected concentrations, kinetics of the pH drop were obtained by measuring medium pH every hour from 0 h to 8 h and from 16 h to 24 h.  

2.6. Crystal violet assay
Crystal violet (CV) was used to provide an overall assessment of biofilm biomass.  Growth medium on the biofilms was gently removed and replaced with an equal volume of 10 mg/L CV in ultra-pure water, and plates were incubated for 20 min at room temperature.  The CV solution was removed, and wells were rinsed twice with 0.5 mL PBS.  De-stain solution (263 µL of 70 % ethanol, 5 % acetic acid, 25 % water, by volume) was added, plates were shaken at room temperature for 20 min, and 100 µL of de-stain solution were transferred from each well to a 96-well plate for absorbance readings at 570 nm (A570).  Control wells that contained no cells were used as blanks and subtracted from the A570 for all other wells.  A570 values were then normalized to area as follows [12]:  
                             (1)
The experiment was repeated thrice, each time with n = 4. 

2.5. Metabolic activity assay
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is a yellow tetrazole that is reduced to purple formazan by reductase enzymes in metabolically active cells [17, 18].  Growth medium on biofilms was gently removed and replaced with 263 µL of 0.5 mg/mL MTT in phosphate buffered saline (PBS).  After 1 h at 37 °C and 5 % CO2, the MTT solution was replaced with an equal volume of DSMO, and plates were shaken in the dark at room temperature for 20 min.  A 200 µL aliquot of the resultant DMSO solution was transferred to a 96-well plate, and absorbance at 540 nm (A540) was measured (SpectraMax M5, Molecular Devices, linear absorbance range: 0 to 3.0).  A540 values were blank-corrected and then normalized per Eq. 1, replacing A570 with A540 and de-stain solution with DMSO.  The experiment was repeated thrice, each time with n = 4.  
As MTT measurements are affected by both the activity per cell and the total number of cells, MTT data were also normalized to CV data by division to evaluate metabolic activity relative to total biomass.  Standard deviations of MTT/CV were calculated via error propagation.

2.7. Imaging of membrane integrity
	Based on results from the MTT and CV assays, selected concentrations of each resin component were tested for their effect on cell membrane integrity in the biofilms.  Biofilms were inoculated in 6-well plates (Falcon) as described above, with 2.48 mL of inoculum and 275 µL of resin component (or 5 % DMSO for no additive controls).  At 24 h, biofilm medium was removed and replaced with 700 µL of BacLight stain (Invitrogen), and biofilms were incubated for 10 min at room temperature in the dark.  The staining solution consisted of 0.85 % NaCl (by mass) in water with 5 µmol/L SYTO 9 (to label cells with intact membranes green) and 30 µmol/L propidium iodide (PI, to label cells with compromised membranes red).  The staining solution was then replaced with 1 mL PBS, and biofilms were imaged on a Leica SP5 (Leica Microsystems) laser scanning confocal microscope (LSCM) using a 63X, 0.9 N.A. water immersion objective, a 5X optical zoom, and pre-determined settings to minimize crossover between the live and dead channels.  At least three images were collected for each of 3 samples, and the experiment was repeated twice.    

2.8. Statistical analysis
Statistical analysis was performed using Minitab statistical software (Minitab Inc.).  CV and pH data were analyzed using One-Way Analysis of Variance (ANOVA) and Tukey multiple comparisons with 95 % simultaneous confidence intervals.  MTT data were analyzed using the non-parametric Kruskal-Wallis test followed by multiple comparisons with a family alpha value of 0.05.  Standard deviation (s.d.) values serve as the estimate for standard uncertainty.
	Comparisons between groups of the normalized MTT data were hampered by the fact that the MTT and CV data are not paired.  Therefore, the MTT and CV data were changed to a logarithmic scale to make the ratios (MTT/CV) become differences (log{MTT} – log{CV}).  A difference in means is equal to the mean difference, alleviating the issue with unpaired values.  Means and standard deviations of the log{MTT} and log{CV} data were calculated.  The normalized value was then calculated as the mean log{CV} value subtracted from the mean log{MTT} value.  The standard error of that difference was calculated following error propagation rules as the standard deviations added in quadrature divided by n, the sample size, then square rooted.  To determine statistically significant differences, Welch’s t-test was applied to those summary data.  The Bonferroni multiple comparison adjustment was used with a familywise Type I error rate of 5 % for 32 tests.  This makes the Type I error rate for each single test 5 % / 32 = 0.16 %.

3. Results 
3.1. Monomer/initiator characterization
	LLS of solutions containing resin components at the highest concentrations exposed to the bacterial cells revealed the absence of any structures or aggregation, indicating that all the resin components were well-dissolved at those concentrations.

3.2. pH measurements
	Monitoring pH over time indicated that the 37 °C, 5 % CO2 environment reduced the pH of uninoculated growth medium from ≈ 7.5 to ≈ 7.0 within 1 h after which time it remained steady, while the pH in wells inoculated with bacteria continued to decrease over time (Fig. 2).  As shown in Table 1, most biofilm wells had a pH of ≈ 5.5 at 4 h except wells with 100 µg/mL CQ, which had a significantly higher pH of 6.3.  At 24 h, the pH in the biofilm wells had dropped to ≈ 4.0 except for wells containing 50 µg/mL BisGMA, 10 µg/mL BisGMA, or 100 µg/mL CQ, all of which had a slightly but statistically higher pH.  The kinetics of the pH shift (Fig. 2) are consistent, showing a delayed pH drop in the presence of 100 µg/mL CQ and a slight delay with 50 µg/mL BisGMA.

3.3. Crystal violet
	CV data representative of overall biomass revealed significant differences for some component concentrations relative to the control at the same timepoint (Fig. 3).   TEGDMA at 1 µg/mL, 100 µg/mL, and 500 µg/mL increased the biomass slightly at 4 h but had no effect at 24 h.  BisGMA at 50 µg/mL reduced the biomass at 4 h but not 24 h.  100 µg/mL CQ reduced biomass at 4 h and 24 h.  4E had no effect on CV results.

3.4. Metabolic activity
	The metabolic activity assay results (Fig. 4) indicated that high concentrations of TEGDMA and BisGMA significantly reduced activity at 24 h whereas 100 µg/mL CQ reduced metabolic activity at 4 h but then increased it at 24 h, all compared to the no additive control at the same timepoint.  To aid in the interpretation of these results and determine if changes in metabolic activity were simply due to corresponding changes in biomass, the MTT results were normalized to the CV biomass results (Fig. 5).  TEGDMA at 500 µg/mL and BisGMA at 10 µg/mL and 50 µg/mL significantly reduced the normalized biofilm metabolic activity at 24 h.  CQ at 100 µg/mL retained a significantly higher normalized metabolic activity at 24 h but not at 4 h.  Interestingly, CQ at 0.1 µg/mL and 10 µg/mL also showed significant, but small, differences from the control (0 µg/mL).   4E had no effect on metabolic activity or normalized metabolic activity at the concentrations tested.

3.5. Imaging of membrane integrity
	LSCM imaging of 24 h biofilms stained with SYTO 9 and PI also indicated differences among the resin components (Fig. 6).  X-Y image slices taken through control DMSO biofilms revealed bacterial chains with bright green cells and some orange/red cells.  Biofilms grown in the presence of 500 µg/mL TEGDMA and 10 µg/mL 4E were similar to these control biofilms.  Biofilms exposed to 100 µg/mL CQ had increased green cell staining and reduced red cell staining, indicating higher numbers of cells with intact membranes.  BisGMA at 50 µg/mL caused alterations in both staining and morphology.  Cocci were generally shorter chains with fewer green cells than DMSO controls, and orange/red staining was more prevalent.  

4. Discussion
Individual components known to leach from dental polymeric materials were evaluated for their effects on S. mutans biofilms.  Monomers and initiators that leach from polymers and composites have long been studied for their cytotoxic and other effects on mammalian cells [19].  However, their effects on the other living organisms near the dental restorations, namely the oral biofilms, have not been thoroughly investigated.  This systematic study, which considers monomers TEGDMA and BisGMA and initiator components CQ and 4E, demonstrates that these components can affect oral biofilm properties.  
	Acid production, biomass, metabolic activity, and cell membrane integrity were selected to assess the overall effects of dental resin components on S. mutans biofilm growth.  The change in pH is primarily due to the release of lactic and other acids produced via metabolic breakdown of sucrose and other carbohydrates [20].  The pH measurements under the current experimental design reflect the accumulation of acid in the growth medium over time.  The kinetic profile of pH is therefore expected to correlate with the general growth of the biofilm.  The CV data provide a snapshot of biomass at a specific time point, namely 4 h and 24 h, with the biomass also representing a cumulative measurement.  As both pH and CV represent cumulative characteristics of the biofilm for that time point, these results can together assess the cumulative biofilm growth and acidogenic activity.  
	The metabolic activity was determined for specific time points using the MTT assay.  Tetrazolium salts such as MTT provide the ensemble activity for the entire biofilm at that specific time and not the cumulative activity over time.  If desired, fresh nutrients can be added (e.g., via medium exchange) to stimulate metabolic activity and increase MTT conversion to formazan, reflecting the overall potential for metabolic activity within the biofilm at that time [21].   However, this study aimed to estimate the metabolic activity of the system without stimulating additional metabolic activity (e.g., in dormant and inactive cells), so fresh medium was not added prior to the measurement.  Considering the MTT results in isolation (Fig. 4) can potentially be misleading, as lower metabolic activity is not necessarily indicative of fewer biofilm cells [22] but rather of less overall activity within the biofilm.  Therefore, MTT data were normalized to CV data to aid in interpretation of the MTT results.  Confocal imaging provides a snapshot of cell state and morphology at a specific time point with spatial resolution, complimenting the data obtained from the MTT assay.  Collectively, this set of measurements allows for both the current and cumulative assessment of monomer effects on biofilm properties.
The effective concentrations identified herein are considered in the context of estimated concentrations due to leaching from a restoration (Table 2).  The estimated concentration of each component released from a dental restoration is based on a published meta-analysis of release studies [1] using data for 24 h release in aqueous or organic solvents.  For each component, the geometric mean of quantity released per surface area was multiplied by the estimated surface area of a mid-sized restoration (e.g., cusp restoration [1]), and divided by an estimated release volume of 0.5 mL.  Rather than consider the entire salivary volume over 24 h, a much smaller volume was selected to represent a more severe scenario where the leached components could be sequestered within the surrounding biofilm or host tissue.  The released concentrations listed in Table 2 are therefore highly dependent on the estimated restoration surface area and release volume and serve to enable comparisons.  
Given that leachable components can also be cytotoxic to mammalian cells present in the oral environment, results are also discussed in the context of the cytotoxic concentrations.  Numerous studies have been performed to evaluate the cytotoxicity of dental resin monomers, and some have also explored cytotoxicity for photoinitiator system components.  Effective concentrations vary from study to study and depend upon cell type even within a single study.  For our purposes, representative values were taken from the literature (Table 2).  For a more thorough review of cytotoxicity studies, please see Bakopoulou et al. [19].  
There is a general concentration dependence of dental resin components on S. mutans biofilm growth. The highest examined concentrations of TEGDMA, BisGMA, and CQ had significant and varying effects on biofilm formation.  The highest concentration of 4E (10 µg/mL) had no discernible effect on the biofilm properties measured herein.  However, 4E was the least soluble of the four resin components in the 5 % DMSO solution and could not be tested at concentrations above 10 µg/mL.  The final DMSO concentration in this study was limited to 0.5 % (volume fraction) based on preliminary studies where no notable changes in biofilms were observed due to 0.5 % DMSO.  While no effects of 4E were observed, our results do not preclude the possibility for higher concentrations of 4E to alter biofilms, particularly given that both the estimated released and cytotoxic concentrations for 4E are well above the highest concentration evaluated (Table 2).  
The two highest concentrations of TEGDMA, 100 µg/mL and 500 µg/mL, reduced biofilm metabolic activity but not biomass at 24 h, and no effects were seen at 4 h.  Normalized metabolic activity was only reduced at 500 µg/mL at 24 h.  These results are in agreement with a study on the effects of leachables from polymers, where a low (55 %) degree of conversion (DC) also resulted in reduced metabolic activity but not biomass at 24 h [12].  TEGDMA was the primary component within those leachables and may therefore be dominating the effect on the biofilm in the previous study [12].  Interestingly, although 500 µg/mL altered the metabolic activity at 24 h, the other measures of pH, biomass, and membrane integrity staining were similar to those for DMSO control wells.  These TEGDMA concentrations are higher than some of the cytotoxic concentrations (Table 2), suggesting that mammalian cells may be negatively affected by TEGDMA prior to S. mutans biofilms.  However, none of these effects may manifest clinically since released TEGDMA is estimated to be lower than the biologically active concentrations.  
BisGMA had a more pronounced effect as compared to TEGDMA, with 50 µg/mL reducing metabolic activity at 4 h and 24 h (Fig. 4) and overall biomass at 4 h (Fig. 3) as compared to the control.  The activity per biomass (normalized MTT) also decreased with 50 µg/mL at 24 h.  These results point to a delayed growth phenotype, where biomass lags at 4 h due to decreased bacterial activity but then approaches that of the control wells at 24 h, despite very low metabolic activity at 24 h.  These results are further supported by the pH data which show an early, slight delay in pH drop for BisGMA, with the final pH at 24 h being only slightly higher than the control wells.  The relative increase in cells with compromised membranes (red fluorescence) further suggests that the low metabolic activity at 24 h may be due to a reduced number of active cells as compared to the control.  However, the presence of an intact, robust biofilm based on the imaging results agrees with the biomass data, indicating that a mature biofilm did indeed form.  Changes in cell morphology were only seen for this one condition and may indicate that BisGMA is impacting cell division or replication at 24 h.  We note that the imaging was used to assess qualitatively the relative amounts of green to red cells and not to quantify cell number.  Overall, these results suggest that metabolic activity is low but still sufficient to form a robust biofilm within 24 h, given the available nutrients.  These data could also indicate that the bacteria have optimized their metabolic function to accommodate the external pressure applied by the presence of BisGMA.  The concentrations that affected the biofilms are of a similar magnitude to cytotoxic concentrations and to concentrations released in organic solvent (Table 2), indicating BisGMA effects may warrant further investigation. 
CQ, on the other hand, appears to delay the onset of biofilm growth and then stimulate highly active biofilms at 24 h.  Biofilms formed in the presence of 100 µg/mL CQ had delayed initial biomass formation, with lower biomass at 4 h and 24 h.  They also had reduced metabolic activity at 4 h followed by a substantially higher activity at 24 h, much higher than any other condition.  The metabolic activity normalized to biomass was also higher at 24 h, approaching the normalized activity of the 4 h biofilms.  The delay in metabolic activity likely corresponds with a delay in biofilm growth.  The pH was significantly higher at 4 h, indicating less acid production at early timepoints and recovery of acid production at later timepoints, with the 24 h pH only slightly higher than controls.  Images indicate an active biofilm at 24 h almost entirely comprised of intact (green) stained cells, which correlates with the increase in metabolic activity seen using the MTT assay.  It is interesting to note that although the biofilm at 24 h is very active, its biomass has not surpassed that of the other biofilms.   Metabolic activity of an actively growing biofilm with sufficient nutrients is higher than that of an older biofilm in a static culture [12], likely because the older biofilm has consumed the available nutrients.  Given the high metabolic activity at 24 h with 100 µg/mL CQ, the lag in growth may have slowed the nutrient consumption and resulted in increased nutrient availability at 24 h relative to other CQ concentrations.  CQ has been shown to interact strongly with protein-rich solutions (e.g., native saliva) as well [23], and the kinetics of these interactions may have contributed to the delay in the biofilm activity.  We note that the CQ was kept in the dark to the extent possible, to avoid light exposure and activation of the photoinitiator.  As CQ is reactive, it is possible that components from the biofilm or growth medium activated the CQ initially, but the effect diminished over time.  Additional studies would be needed to explore this possibility.  In comparison to mammalian cells, S. mutans biofilms appear more susceptible to CQ effects (Table 2).  These effects may not be cause for concern though, as the estimated released concentration was lower than the concentration affecting the biofilms.
Overall, these results highlight the need for further studies to elucidate interactions of leachable components and their mixtures with oral bacterial biofilms.  While results were discussed in the context of expected release and cytotoxicity, the oral environment offers additional complexities such as enzymes and proteins.  Salivary esterases can degrade restorative materials to produce degradation products that can affect oral microbes [15, 16, 24].  Likewise, salivary proteins can interact with leachables and degradation products.  Dental monomers such as TEGDMA may be depleted in protein-rich solutions [23] and could potentially interact with components in biofilm growth medium to contribute to the biofilm effects (or lack thereof) seen in this study.  Maintaining a holistic view of the oral cavity during the design of dental materials is critical to enabling development of new classes of materials, such as materials that control dental caries by exploiting both the inherent leachables and the cells and compounds present in the oral environment.  For instance, dental materials that include bioactive chemicals specifically designed to slowly leach from the material over time could result in a novel approach to control dental caries. These leached chemicals would likely not be TEGDMA, BisGMA, CQ, or 4E but rather novel chemicals.  Overall, this view of the oral environment indicates that multiple layers of interactions should be considered, as they all have the potential to affect the clinical success of a dental restoration.  

5. Conclusions	
	Monomers and initiators are known to leach from dental polymeric materials.  In this study, we have demonstrated that BisGMA, TEGDMA, and CQ affect S. mutans biofilms to differing degrees and in diverse ways.  TEGDMA reduced biofilm metabolic activity, BisGMA reduced biofilm formation and activity as evident by reduced metabolic activity and biomass, and CQ delayed but did not prevent biofilm growth.  4E had no effect at the concentrations tested.  When these chemicals are present in the eluent from dental resins and composites, they might have the ability to alter biofilm growth in the local environment, perhaps even in conflicting ways.  These results highlight the need to consider the effects of leachables on biofilm formation when designing new dental materials.
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Figure Captions
Figure 1. Chemical structures for the monomers and photoinitiator components used in this study.
Figure 2. Representative dataset for pH measurements of S. mutans biofilm growth medium as a function of time for the highest concentration of each resin component.  Data were collected every hour from 0 h to 8 h and again from 16 h to 24 h.  A linear approximation is provided for the 8 h to 16 h period.  Lines are drawn to aid the reader’s eye.  Standard uncertainty is estimated with a coefficient of variance of 5 %.  Inset indicates the conversion of pH to concentration of hydrogen ions, to highlight the reduced acid production for CQ and BisGMA.
Figure 3. Overall S. mutans biofilm biomass at 4 h and 24 h determined by the CV assay for TEGDMA, BisGMA, CQ, and 4E at various concentrations.  Data represent the average value (n=12), and error bars represent the s.d.  Significant differences as compared to the control (no additive) at the same timepoint are indicated with (*).
Figure 4. S. mutans biofilm metabolic activity at 4 h and 24 h measured by the metabolic activity assay for TEGDMA, BisGMA, CQ, and 4E at various concentrations.  Data represent the average value (n=12), and error bars represent the s.d.  Significant differences as compared to the control (no additive) at the same timepoint are indicated with (*).
Figure 5. S. mutans biofilm metabolic activity normalized to biomass (MTT divided by CV, units of A540/A570) at 4 h and 24 h for TEGDMA, BisGMA, CQ, and 4E at various concentrations.  Data represent the average value (n=12), and error bars represent the s.d. with error propagated from the MTT and CV data.  Significant differences as compared to the control (no additive) at the same timepoint are indicated with (*).
Figure 6. LSCM x-y images of 24 h S. mutans biofilms grown in the presence of various resin components.  Scale bars = 5 µm.  Green indicates cells with intact membranes (SYTO 9).  Red indicates cells with compromised membranes (PI).
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