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Abstract

Objectives—Bioactive glass (BAG) is known to possess antimicrobial and remineralizing
properties; however, the use of BAG as a filler for resin based composite restorations to slow
recurrent caries has not been studied. Accordingly, the objective of this study was to investigate
the effect of 15 wt% BAG additions to a resin composite on bacterial biofilms penetrating into
marginal gaps of simulated tooth fillings in vitro during cyclic mechanical loading.

Methods—Human molars were machined into approximately 3 mm thick disks of dentin and
1.5-2 mm deep composite restorations were placed. A narrow 15-20 micrometer wide dentin-
composite gap was allowed to form along half of the margin by not applying dental adhesive to
that region. Two different 72 wt% filled composites were used, one with 15 wt% BAG filler
(15BAG) and the balance silanated strontium glass and one filled with OX-50 and silanated
strontium glass without BAG (0BAG - control). Samples of both groups had Sreptococcus
mutans biofilms grown on the surface and were tested inside a bioreactor for two weeks while
subjected to periods of cyclic mechanical loading. After post-test biofilm viability was confirmed,
each specimen was fixed in glutaraldehyde, gram positive stained, mounted in resin and cross-
sectioned to reveal the gap profile. Depth of biofilm penetration for OBAG and 15BAG was
quantified as the fraction of gap depth. The data were compared using a Student’s t-test.

Results—The average depth of bacterial penetration into the marginal gap for the 15BAG
samples was significantly smaller (~61%) in comparison to 0BAG, where 100% penetration was
observed for all samples with the biofilm penetrating underneath of the restoration in some cases.

Significance—BAG containing resin dental composites reduce biofilm penetration into marginal
gaps of simulated tooth restorations. This suggests BAG containing composites may have the
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potential to slow the development and propagation of secondary tooth decay at restoration
margins.
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Caries

1. Introduction

The U.S. National Institutes of Health estimates that >122 million composite tooth
restorations are placed in the United States annually; however, annual failure rates up to
15% have been reported [1] and a review of the literature suggests the average lifetime of
posterior dental composites is only six years [2]. Furthermore, a majority of restorations are
replacements of failed restorations [3]. The most common reason for the replacements is
secondary caries occurring at the margins [4-7]. Secondary caries is caused by bacterial
microflora [8,9] and the formation of a biofilm (plaque) at and within the restoration-tooth
margin [10] most likely facilitated by a gap forming between the two that allows bacterial
colonization [11]. While cyclic loading is a known potential cause of failure for both tooth
tissue and restorative materials [12—17], margin failure and gap propagation may also occur
due to the cyclic loading experienced by restorations during mastication [18-21]. While
resin composites have relatively good adhesive/sealing properties, polymerization shrinkage
of the resin during curing imposes stresses on the interface that increase the chance of
interfacial failure when combined with cyclic occlusal loading [11].

While it is known that after successful gap colonization, bacteria consume saccharides and
produce lactic acid as the byproduct [22] that demineralizes tooth structure, there is
currently a poor understanding of the factors influencing biofilm development and
propagation into interfacial gaps. While bacterial biofilm formation is considered a
necessary ingredient, a biofilm alone does not guarantee tooth decay [6,23]. Furthermore, a
recent study suggests that cyclic loading plays an important role in aiding biofilm
penetration deep into marginal gaps [24]. The decreased pH due to acid production then
shifts the equilibrium dissolution reaction of hydroxylapatite towards demineralization with
calcium and phosphate ions leaching out of the tissue, causing caries propagation [25-27].
Streptococcus mutans strains have been identified as the most abundant bacterial species
under the restoration in cases of secondary caries [28,29]. Such findings suggest a strong
need for restorative composites with antimicrobial and/or remineralization properties to slow
secondary caries formation and extend the life of composite restorations.

Many materials have antimicrobial properties: copper, zinc, silver, various silica-based
glasses etc. [30,31]. Bioactive glass (BAG) has been shown to have both an antimicrobial
effect on oral bacteria and the ability to remineralize adjacent mineralized tissues [32-37].
The antimicrobial effect of BAG is attributed in part to the release of ions (e.g., calcium and
phosphate) that have a toxic effect on the cells and cause neutralization of the local acidic
environment [38], the latter leads to a local increase in pH that is not well tolerated by many
oral bacteria [39]. However, the exact mechanism responsible for the antimicrobial effect of
BAG is not completely elucidated.
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Although the first BAG was developed more than 40 years ago [40], exploration into its
potential for use in resin based dental restorative composites has only very recently begun
[41-43]. It has been shown that composites containing up to 15% by weight non-silanated
BAG filler can have mechanical properties comparable to, or superior to, commercial
composites [42] and that the additional of BAG fillers does not compromise the degree of
monomer conversion [43]. Furthermore, despite BAG ions leaching out of the composite the
degradation of mechanical properties with ageing is no worse, or better than, many
commercial composites [42]. Taubdck et al. showed that BAG particles embedded in a resin
matrix can still induce bioactivity and increase the pH of a buffered saline solution [43].
Finally, another recent study has looked at doping the BAG with Ag to enahnce its
antimicrobial effect [41].

While it appears clear that BAG-containing composites can meet the mechanical property
requirements for dental restorations, there is a need to study the secondary caries resistance
of tooth restorations made from BAG-containing composites. Accordingly, the goal of this
research was to examine the effect of BAG additions on bacterial biofilm formation along
marginal gaps of simulated tooth fillings in vitro. This study will use a previously developed
in-vitro testing model that applies cyclic loading to a restored tooth while in a living oral
bacteria environment [24]. It is hypothesized that BAG-containing composites will have a
negative effect on biofilm formation in marginal gaps due to the antimicrobial effects of
BAG.

2. Materials and methods

2.1. Bioactive glass composite preparation

BAG filler was produced by the sol-gel process, which was reported in detail previously in
[44]. Breifly, pure alkoxides (tetraethyl orthosilicate (TEOS, Si(OC,Hs),), calcium
methoxyethoxide (CMOE, CgH1404Ca), and triethyl phosphate (TEP, (CoHs)3PO4)) were
used for BAG synthesis. CMOE was synthesized from Ca metal and methoxyethanol, but all
other reagents were obtained from Sigma Aldrich. Solutions of the alkoxides in
methoxyethanol were prepared in an inert dry nitrogen atmosphere glovebox.

The solution was aged, air-dried and then dried at elevated temperatures to evaporate the
solvent completely and stabilize the glass. The obtained product was first ball milled, and
then processed in a Micronizer jet-mill (Sturtevant Inc., Hanover, MA) to a final fine
particle size of 0.04 — 3 pm. The final composition of the BAG filler used was
approximately 65% SiO,, 31% CaO and 4% P,0s5 (mol%). SEM micrographs of
agglomerated BAG filler particles can be seen in Fig. 1.

The composite was prepared by combining 57 wt% silanated strontium glass (Bisco Inc.)
and 15 wt% BAG with resin matrix containing a 50:50 mixture of bisphenol A glycidyl
methacrylate (BisGMA):triethylene glycoldimethacrylate (TEGDMA) monomers with 0.4
wt% of camphorquinone (CQ), 0.8 wt% of 4-dimethylaminobenzoic acid ethyl ether
(EDMAB), and 0.05 wt% of 3, 5-di-tertbutyl-4-hydroxytoluene (BHT)). The 15% BAG
addition was selected based on previous work that demonstrated no significant reduction in
mechanical properties when adding up to 15% BAG [42]. The control composite (0BAG),
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was filled with 5 wt% aerosol silica (OX-50, Degussa) and 67 wt% silanated strontium
glass. The 5 wt % silica addition was necessary to achieve adequate handling of the uncured
composite. Both composites had a total filler content of 72 wt.% and full details on the
composite preparation and mechanical properties may be found in [42].

2.2. Sample preparation

Recently extracted human molars were used to produce simulated tooth restoration samples.
The complete procedure for sample preparation was described previously in detail in [24]. In
brief, the cusps of each molar were sectioned off, and a second section was made across the
tooth immediately above the pulp. This sectioning resulted in a disk-shaped slab of tooth
~2.5-3 mm thick and ~9 mm in diameter, composed mostly of dentin with some enamel on
the circumference. A cavity was machined into the center of each sample 1.5-2 mm deep (to
always leave a pulpal floor 1 mm thick) and 5 mm in diameter using a computer controlled
milling system (CNC specimen former, U. of lowa). After machining, the samples were
soaked in 1% chloramine T for one week for sterilization. After initial sterilization, the
bottom of the cavity and half of its circumference were treated with a dentin bonding agent
(Clearfil SE Bond) following the manufacturers instructions. First the primer component
was actively applied to the cut dentin surfaces with a disposable micro brush tip for 20
seconds. Then a mild stream of air was blown on the primer to evaporate volatile
components until no observable liquid movement could be detected. Next, the bonding
component was applied to all primed surfaces with a disposable micro brush tip, then brush
thinned with a separate disposable brush tip to ensure a uniform thickness of the adhesive
layer. The bonding agent was cured for 10 seconds using a Kerr Demetron Demi light curing
unit with an approximate 1000 mwW/cm? irradiance. Finally, the composite was inserted in a
single increment (max thickness of 2 mm) and cured for 20 seconds with the same light
curing unit.

Due to polymerization shrinkage, a ~15-20 pm gap was formed around approximately half
of the circumference where the dentin bonding agent was not originally applied. A 1 mm
thick shim was used to protect the half of the circumference where the gaps were created
(Fig. 2). The composite surface of the sample was polished with fine abrasive disks (Sof-
flex, 3M ESPE) to reveal the cavosurface margin and the gap. The samples were sterilized in
70% ethanol for one hour and placed in sterile brain heart infusion (BHI) media for storage,
thus allowing ethanol to diffuse out of the specimen and to check for successful sterilization.
Six (N =6) 15BAG and six (N = 6) 0BAG samples were prepared.

Biofilms were grown on each sample by incubating at 37°C in 5% CO, and 95% relative
humidity (BBD 6220 incubator, Thermo, Asheville, NC, USA) in separate petri dishes with
approximately 15 ml of initially sterilized BHI media with 3% sucrose. One milliliter of
Sreptococcus mutans bacteria culture at an optical density of 0.8 was added to each dish.
Incubation lasted approximately 4 days and the media was refreshed each day, until the
biofilm could be observed with a naked eye. The samples were then placed in sterile
bioreactors for further testing.
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2.3. Test method

A novel bioreactor capable of in-situ cyclic loading was used for the demineralization
studies (Fig. 3), and has been described previously in full detail [24]. Samples were placed
in the bioreactor composite side down on top of a 7 mm diameter ring shaped stand (Fig.
3a). A combined biaxial bending and shear loading was applied by a semispherical ended
loading rod (3 mm diameter) at the center of the sample which was aligned and fixed in the
center of the bioreactor by a linear bearing in the top cover (Figs. 3a, 3b). When assembled,
the entire bioreactor was completely sealed using rubber seals. Previous testing with these
bioreactors demonstrated no external contamination over the entire two week experiment
time [24]. Three specimens were tested simultaneously using three separate bioreactors (Fig.
3c). During the experiments, incubator conditions (see above) were reproduced inside each
bioreactor. Fresh sterilized BHI media was pumped into the lower pipe fitting (fluid inlet in
Fig. 3b) of the bioreactor at approximately 1 ml/min flow rate and pumped out of the test
cell at the level just above the sample through the outlet pipe fitting to ensure the media
covered the entire sample. Fluid motion was produced with peristaltic pumps (Model FB
70381, Thermo Fischer Scientific Inc., Waltham, MA, USA) at both the inlet and outlet.
Each bioreactor was submerged to roughly half of its height in a 37°C water bath controlled
by a digital immersion circulator (Cole-Palmer, Vernon Hills, IL, USA).

Cyclic loading was applied using a computer controlled servo-hydraulic test system (Model
8872, Instron Corporation, Norwood, MA, USA). Fig. 3c shows how the load was equally
distributed between three bioreactors using a ball bearing interface. The load for each
specimen was measured using individual load cells (Model LCF300, FUTEK Advanced
Sensor Technology Inc., Irvine, CA, USA), with the difference between each cell load
always <5%. Specimen loading was done by alternating blocks of cyclic loading and resting
periods. Cyclic loading blocks were 2 hours of cycling with the maximum load of ~113 N
and a minimum load of ~11.3 N which corresponds to 25% and 2.5%, respectively, of the
measured mean breaking force (450 N). During the resting periods, samples were kept at the
minimum (11.3 N) load for 4 hours. The two block sequence was repeated 56 times to give a
total of time of ~2 weeks for each experiment.

After each experiment, the samples were removed from the bioreactors and were subjected
to a live/dead staining procedure (Life Technologies Live/Dead BacLight Bacterial Viability
Kit) following the kit manufacture’s protocol and the biofilm was evaluated under confocal
laser scanning microscopy (CSLM) to ensure the biofilm was still viable at the end of the
experiments. Once sterility or biofilm viability were confirmed the samples were fixed in 10
ml 4%-gluteraldehyde and held at a temperature of 4°C overnight.

For gap analysis the biofilm was carefully removed from the surface with a swab, avoiding
the gap area. The specimens were gram positive stained by applying crystal violet dye
(Difco Laboratories, Detroit M1, USA), rinsing, and applying iodine to bind the dye to the
bacteria. Samples were then mounted in LR white resin (London Resin Company Ltd,
Reading, Berkshire England), sectioned in half on a slow speed diamond saw, and finally
examined under the stereomicroscope for the presence of dentin demineralization and the
extent of penetration of the stained bacterial biofilm. The sample half with the greatest
apparent demineralization from the stereomicroscopic evaluation was further examined with
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CSLM (BioRad/Zeiss Radiance 2100 confocal laser scanning system) using 4x/0.2
objective. An ion Argon laser source with excitation at 488 nm and a 500-550 nm band pass
filter was used to detect the autofluorescence while a GRE/Ne laser source with excitation
band at 543 nm wavelength and a 570 nm long pass filter was used to detect the stained
bacteria in the biofilm. Demineralization of the dentin was revealed by the autofluorescence
as bright green [49-52] and the presence of the biofilm was revealed by the gram stain as
red. Since dentin is naturally fluorescent, demineralization was correlated to the brightest
green autofluorescence regions by Knoop micro-hardness mapping (Duramin 5 hardness
tester, Struers Inc., Cleveland, OH, USA). A 100 gf load was used with a 20 s dwell time
and the imprint sizes were measured using optical microscopy. Image J (U. S. National
Institutes of Health, Bethesda, Maryland, USA) was used to assess gap sizes and bacterial
penetration, the latter of which was quantified as a fraction of the total depth of the gap and
a Student’s t-test (a < 0.05) was used to compare the OBAG and 15BAG cases.

Post-test evaluation using the live/dead assay and fluorescent confocal laser scanning
microscopy confirmed a live biofilm on the surface of each sample. An optical micrograph
of an example cross section is shown in Fig. 4. Fluorescent microscopy images of the
sample cross sections verify the presence of bacteria in the gap seen as red in the panel
images in Figs. 5 and 6 for the OBAG and 15BAG specimens, respectively. Knoop
indentation results show that the brightest green fluorescent regions at the surface and along
the gaps were soft, and thus demineralized (Fig. 7). However, the paler green color that runs
along the gap past the red bacteria stain generally did not show a decline in hardness,
suggesting minimal if any demineralization (Fig. 7).

Comparing Figs. 5 & 6, it is seen that bacterial penetration is consistently much deeper for
the OBAG composite than for 15BAG while there was no statistically significant difference
in gap size (Table 1). A summary of all six samples for each case is shown in Table 1 in
terms of the percentage of bacteria penetration. Bacterial penetration for 0BAG composite
samples was always to the full depth of the restoration (100% average), sometimes
propagating along the floor of the cavity under the restoration. In contrast, the average depth
of penetration for the 15 BAG samples was only 61% of the depth of the gap with a standard
deviaton of 27%. The Student’s t-test verified this difference in bacterial penetration to be
significantly different (p < 0.05).

4. Discussion

Two weeks was chosen for the total test time because demineralization studies without
cyclic loading have shown that length to be necessary to achieve reliably measurable
demineralization [45,46]. An average person chews at approximately 1.5 Hz [47], and the
actual chewing time per day may be conservatively estimated as about 20 minutes, equating
to 1800 chews/day or 657,000 chews/year. An intermittent cycling phase of two hours
followed by four hours without cycling gives a total of 43,200 cycles per day, or
approximately 605,000 cycles in two weeks. Thus, the total number of cycles is equivalent
to nearly one year of normal human chewing. The four hour resting time was chosen to
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represent a normal time between meals and to provide ample opportunity for the biofilm to
grow and potentially double [48] before being subjected to another loading block.

The post-test live/dead assay results indicated that the conditions needed for successful
biofilm growth (nutrition supply, carbon dioxide level and temperature) were maintained
throughout the entire length of the experiments. For the 0BAG control composite, the degree
of bacterial penetration into the gaps was consistently very deep, reaching the bottom of the
cavity. It is important to note that while the floor of the prepared cavity was treated with
dentin bonding agent, an approximately 1mm thick shim was used to prevent application of
the bonding system to half of the cavity wall, and so the initial 1mm of the floor was not
bonded to the composite. However, in many cases bacterial penetration underneath the
OBAG restoration was observed (Fig. 5) suggesting the possibility that the synergistic effect
of cyclic mechanical loading allowed gap propagation and further bacterial penetration in
some samples. Indeed, the important role of cyclic loading in aiding bacterial penetration
into interfacial gaps between the dentin and composite has been reported previously [24].

A significantly lower degree of bacterial penetration into the gap was found for samples that
were restored with 15BAG resin composite. On average, for 15BAG composite the
penetration was 61% of the gap depth with consistently no penetration underneath the
filling. Moreover, there was no statistically significant difference in gap size that might
account for this difference. While the mean gap size for the control samples appears
somewhat higher, this is due to a single outlier and the mean values are indistinguishable if
that outlier is excluded. Furthermore, a t-test both with or without the outlier included
showed no significant difference in gap size between the groups. This suggests that the
release of BAG ions into the gap can help control the local gap chemistry and create an
antimicrobial environment that slows biofilm development and propagation.

Furthermore, this study verified the usefulness of this model to create detectable dentin
demineralization, akin to recurrent caries, in gaps associated with dental composite
restorations. The use of autofluorescence is generally thought of as a qualitative measure to
detect demineralization [49-52]. Accordingly, it is seen qualitatively in Figs. 5 & 6 that the
brightest green areas, suggestive of significant amounts of demineralization, occurred on the
outer dentin surfaces and along the gaps for all samples. The challenge of interpreting the
autofluorescence is that sound dentin is also naturally fluorescent, though in most cases this
does not appear at all intense. According, pairing the confocal microscopy images with
micro-hardness tests provided a better quantitative measure of the extent of demineralization

(Fig. 7).

Demineralization occurred adjacent to both the control and the BAG-containing composites,
and in general, was more limited as one proceeded deeper into the gap and more distant
from the acidogenic bacterial biofilm. Furthermore, the micro-hardness evaluations reveled
that demineralization extended roughly to the extent of bacterial penetration (Fig. 7). This is
attributed to the creation of the low pH environment by the viable biofilm in the gap. While
pale green fluorescence, when present, always extended beyond the bacteria (Fig. 6),
hardness results consistently showed that these were regions of sound, or essentially
unaffected, dentin. This is reasonable since the acid would tend to be more readily
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neutralized and its effect more limited the further away it was from the acidogenic bacterial
biofilm.

As mentioned above, the exact mechanisms of the antimicrobial effect of BAG remain
unclear, but it may be related to a local rise in pH in the gap [39], one or more of the ions
directly affecting the bacteria, or a combination of both factors [38]. While more studies will
be needed to understand the exact antimicrobial mechanisms associated with BAG, the
results of the present study suggest that BAG containing composites have some potential to
slow biofilm penetration into, and demineralization within, marginal gaps.

Finally, while the focus of this study was to develop anti-bacterial composites, it is
important to note that attention to the adhesives used is equally important and that work is
also underway. This is because when a well applied adhesive detaches from the cavity wall,
it could potentially seal the beneficial BAG inside the composite, or at least greatly slow the
ion leaching. Accordingly, this paper represents part of a systematic study to first evaluate
the effect of using a BAG composite alone, while ongoing and future work includes
examining the effect of using a BAG containing adhesive with conventional composites, and
then finally the combination of both. The clinical relevance of using a BAG containing
composite is to address the situation where the adhesive is not perfectly applied and an anti-
bacterial agent is needed where gaps first form at the location(s) of missing adhesive.
Ultimately, it is suspected though that the best solution will be an anti-bacterial adhesive
used in conjunction with an anti-bacterial composite.

5. Conclusions

Based on an in vitro study of simulated tooth filling samples cyclically loaded in a custom
bioreactor system, it was found that 15 wt% additions of bioactive glass (BAG) fillers to a
resin-based dental composite demonstrated a significant antimicrobial effect in reducing the
extent of bacterial biofilm penetration into pre-existing marginal gaps.
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«  Novel bioreactor system was used for in vitro cyclic loading of tooth filling

e We grew biofilms on simulated tooth restorations with bioactive and control

»  Bacteria penetrated less into marginal gaps for the bioactive glass samples

» Bioactive glass fillers may have promise for slowing secondary caries formation

Highlights

samples

composites

samples
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Fig. 1.
Scanning electron micrograph of the bioactive glass filler used in this study. a) An
agglomerate of BAG particles. b) A higher magnification view of the BAG particles.
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Fig. 2.
Sample during adhesive application with the 1 mm thick shim in place.
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Fig. 3.

(a) — Sample schematic and relative position of sample, sample stand ring support and
loading rod. (b) — Detailed assembly of a bioreactor test cell. (c) — Schematic of the test
setup for loading three samples at a time.
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Fig. 4.
Example sample cross section showing the orientation of the dentin, composite, and in some

cases enamel in Figs. 3 & 4.
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Fig. 5.
Fluorescence image of the 0BAG control sample cross sections. Bacterial penetration (red)

is seen extending deep into the gap between the dentin and composite filling. Green areas
represent protein fluorescence from areas of demineralized dentin.
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Fluorescence image of the 15BAG sample cross sections. Bacterial penetration (red) is seen
extending only partially into the gap between the dentin and composite filling. Green areas

represent protein fluorescence from areas of demineralized dentin.
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Fig. 7.
Knoop micro-hardness results are overlaid onto a confocal microscopy image to show the

quantitative extent of demineralization. The white spots are the indent locations, while the
white arrows point to the associated Knoop Hardness Number.
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Gap sizes and bacterial penetration in the gap for 0BAG and 15BAG composite samples.

Table 1

0BAG 15BAG
Sample Gap size (um) | Bacterial penetration (%) | Gap size (um) | Bacterial penetration (%)
1 15.3 100 18.1 27
2 18.8 100 17.6 36
3 17.6 100 15.1 55
4 16.5 100 16.5 70
5 20.1 100 16.3 80
6 48.2 100 153 100
mean (stdv) | 22.8 (12.6) 100 (0) 16.5 (1.2) 61 (27)
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