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Abstract
Purpose—The purpose of this study was to formulate and characterize experimental antibacterial
fluoride-releasing sealants and compare them with commercial sealants for fluoride release,
recharge, adhesion, and microleakage.

Methods—Two experimental sealants (Exp-1, Exp-2) containing a synthesized antibacterial
fluoride-releasing monomer and fluoride-releasing filler were formulated. Exp-2 also contained
NovaMin nanoparticles. Commercial sealants Clinpro (CL) FluoroShield (FS), and SeLECT
Defense (E34) were also included. Fluoride release from disk samples in deionized water was
measured daily using an ion-selective electrode for 14 days, and after recharging with Neutra-
Foam (2.0% sodium fluoride), fluoride was measured for 5 days. Microtensile bonding strengths
(MTBS) to enamel were tested after 24-hour storage in water at 37°C or thermocycling 5-55°C for
1,000 cycles. A microleakage test was conducted on extracted teeth using a dye-penetration
method. The data were analyzed using analysis of variance with the Tukey’s honestly significant
difference test and Kruskal-Wallis test.

Results—Exp-1 and Exp-2 had significantly higher fluoride release and recharge capabilities
than CL and FL (P<.05). All tested sealants had similar MTBS before and after thermocycling.
Exp-2 and Exp-1 had significantly lower microleakage scores (P<.05) than other groups.
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Conclusion—The experimental sealants had higher fluoride release and recharge capabilities
and similar or better retention than commercial sealants.

Keywords
ANTIBACTERIAL; FLUORIDE RELEASE; SEALANTS; MICROLEAKAGE;
MICROTENSILE BOND STRENGTH

Dental caries is still a prevalent disease in children. Forty-two percent of 2- to 11-year-olds
have dental caries in their primary teeth, and 59% of 12- to 19-year-olds have had dental
caries in their permanent teeth.1 Sealants, which are fluid resins with or without fillers, have
been widely used for nearly 40 years to prevent caries, mainly in pits and fissures of occlusal
surfaces of premolars and molars.2,3 Use of pit-and-fissure sealants is an effective way to
prevent caries in children and adults, even in early noncavitated (incipient) lesions,
according to a recently published set of American Dental Association evidence-based
clinical recommendations.4 Fissure sealing has been shown to inhibit not only the formation
of occlusal caries, but also to impede the progression of existing carious lesions.5-8 A
recently reported in vitro study showed that active management of incipient lesions with
sealant application reduced lesion size.9

To increase the caries-preventing effect, fluoride-releasing sealants were introduced in the
1970s.10 Current commercial fluoride-releasing sealants (eg, FluoroShield from Caulk/
Dentsply, Clinpro from 3M ESPE, and HelioSeal F from Vivadent) contain either a soluble
fluoride salt such as sodium fluoride (NaF) or a fluoride-releasing glass filler or both. It is
well documented in the in vitro studies that these materials can release fluoride and inhibit
demineralization of the adjacent tooth structure.10-13

According to a National Institute of Dental and Craniofacial Research study,14 the method
of adding soluble fluoride salt in sealants has been questioned, because the dissolution of a
soluble salt might weaken the sealant and reduce its usefulness as a preventive agent.
Numerous clinical studies have shown that the retention rate of fluoride-releasing sealants is
approximately the same15 or lower16,17 than that of a nonfluoride sealant. The development
frequency of carious lesions associated with fluoride-releasing sealants is comparable to that
of nonfluoride sealants.10,18,19 Therefore, current sealant materials need to be further
improved to achieve a better caries-inhibiting effect. In recent years, we have developed
several F-exchange monomers containing ternary zirconium fluoride chelates.20,21 The
composites containing these fluoride-exchange monomers have higher fluoride-releasing
and recharging capacities than current commercial dental composites.22,23

Since a microbial effect on food residue is reported as the major cause of secondary caries,
the antibacterial properties of fissure sealant materials may contribute to the reduction of
microleakage and caries.24 Polymers with antimicrobial activities have drawn great interest
in the field of biomedical materials and medical implants25 and have played an important
role in reducing infection. The most common biocide moieties are quaternary ammonium,
pyridinium, phosphonium, and sulfonium salts. The mechanism of action for these
quaternary compounds may be the direct cationic binding to cell wall components, which
leads to disruption of the cell wall membrane, leakage of critical cell contents, and cell
death.26,27

One of the most extensively studied antibacterial dental monomers is
methacryloyloxydodecyl pyrimidinium bromide (MDPB), synthesized by Imazato et al.28,29

MDPB-containing dental materials (eg, Protect Bond, Kuraray, Tokyo, Japan) have shown
bactericidal activity against oral streptococci.30,31 Several reports, however, have also
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shown that Protect Bond and other commercial F-releasing bonding agents cannot prevent
secondary caries.32-34 The antimicrobial monomer methacryloxylethyl cetyl dimethyl
ammonium chloride added into the commercial sealant Helioseal F was reported to suppress
Streptococcus mutans formation with an influence on microleakage at 1%.35 Surface
antimicrobial properties of Clinpro have been reported,36 and such effects can be attributed
to quaternary amine counter ions of the fluoride salt, not fluoride itself.

Our research group has recently synthesized several new antibacterial monomers.37 One of
them (N-benzyl-11-[methacryloyloxy]-N, N-dimethylundecan-1-aminium fluoride [AM-2])
has shown higher antibacterial activity against S mutans than MDPB but lower cytotoxicity
than MDPB. The experimental composite containing 3% of this new antibacterial monomer
could significantly reduce S mutans biofilms compared to controls.38,39 The experimental
antibacterial fluoride-releasing bonding agents containing AM-2 and a new synthesized
hydrolytically stable adhesive monomer have also shown higher bonding strengths and
hydrolytical stability than Protect Bond and other commercial bonding agents.40

The purpose of this study was to investigate the adhesion (bonding strength to enamel),
fluoride release and recharge, and microleakage of several experimental and commercial
antibacterial fluoride-releasing sealants.

Methods
Sealant materials

Two experimental sealants (Exp-1, Exp-2) were formulated using the synthesized
antibacterial fluoride-releasing monomer,41 synthesized hydrolytically stable adhesive
monomer,39 other dental monomers, and fluoride-releasing glass filler (Caulk/Dentsply).
Exp-1 had the same monomers as Exp-2, but Exp-1 contained 15% NovaMin bioactive glass
nanoparticles replacing the equal amount of fluoride-releasing filler. The NovaMin
nanoparticles were prepared by suspending the NovaMin particles (GlaxoSmithKline,
London, UK, 5 μm) in isopropanol under vibration for 2 minutes, decanting the suspension
solution containing nanoparticles, evaporating the solvent from the suspension, and drying
the nanoparticles under vacuum. The NovaMin nanoparticles had a 50% mean particle size
of 45 nm, as determined by a Nanotrac 250 particle size analyzer (Microtrac,
Montgomeryville, Pa., USA). Commercial fluoride-releasing sealants FluroShield (FS;
Caulk/Dentsply, Milford, Del., USA), fluoride-releasing antimicrobial sealants Clinpro (CP;
3M-ESPE, St. Paul, Minn., USA), and an antibacterial nonfluoride-releasing sealant
SeLECT Defense (E34; Element 34 Technology, Lubbock, Texas, USA) were also included.
The compositions of the sealants are listed in Table 1.

Fluoride release and recharge test
The disk specimens (5.0 mm diameter, 1.2 mm thickness, N=5) were prepared, light cured
for 40 seconds using an Optilux 501 dental curing light (Kerr, Orange, Calif., USA output
>600 mW/cm2) and immersed in 2.0 mL deionized water at 37°C. The fluoride
concentration of the solution (1.8 mL immersion solution plus 0.2 mL concentrated Total
Ion Strength Adjusting Buffer (TISAB III) was measured daily using an ion-selective
electrode (model no. 96-09, Thermo Scientific Orion, Waltham Ma., USA) and 720 pH/ISE
meter (Thermo Scientific Orion) for 14 days with daily replenishment of the solution. After
2 more days of fluoride release (serving as the baseline), the specimens were recharged with
Neutra-Foam (2.0% NaF; Oral-B, Procter & Gamble, Cincinnati, Ohio, USA) for 1 minute
and rinsed with running deionized water for 30 seconds. Fluoride release from recharged
samples was measured daily for 4 days, and the recharge process was repeated 3 times. Data
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collected on the fourth day served as the new baseline and were not included in the
cumulative fluoride release after recharge.

Microtensile bond strength (MTBS) test
Twenty extracted molar teeth were divided into 5 groups (N=4) and ground with 600-grit
silicon carbide papers to expose the flat enamel of the occlusal surfaces. The specimens
were etched with 37% phosphoric acid gel for 15 seconds, rinsed, and dried. The sealants
were applied and light cured for 20 seconds. Filtek Supreme Plus composite (3M ESPE) was
placed on a cured sealant, cured for 40 seconds, and built up incrementally to 4 to 5 mm.
The samples were stored in deionized water for 24 hours at 37°C, and sectioned into bar
specimens (1 × 1 mm cross-section). Each “restored” tooth generated 8 to 10 bar specimens,
and each bar specimen was observed under a microscope to ensure no defect existed on the
enamel-sealant interface. For each group, 15 specimens were tested on a microtensile tester
(Bisco, Schaumburg, Ill., USA) for MTBS. The remaining 15 specimens were thermocycled
at 5°C to 55°C for 1,000 cycles and tested for MTBS.

Microleakage test
Five groups of extracted teeth (6 maxillary molars and 4 mandibular molars per group) were
randomly sorted, cleaned, and stored in Hanks balanced salt solution. A 1.0 mm fissure was
made in each sample to ensure a uniform fissure depth for all samples, followed by etching
with 37% phosphoric acid gel for 30 seconds, cleaning, and drying. Sealants were applied
according to the manufacturer’s instructions. The samples were light cured for 40 seconds
and checked with an explorer. The unsealed surface of the sample was coated with a nail
polish and thermocycled at 5°C to 55°C for 2,000 cycles. The specimens were stained in 2%
basic fuchsine for 24 hours, rinsed, air dried, and embedded in epoxy-resin. Each specimen
was sectioned mesiodistally into 6 slabs (1.2 mm-thick over 5-7 surfaces), observed, and
photographed under a microscope at 40× magnification. The microleakage degrees were
scored on a scale of 0 to 4 (0 = no penetration; 1 = 1/4 penetration; 2 = 1/2 penetration; 3 =
3/4 penetration; 4 = penetration into the bottom of the fissure).

Statistical analysis
Fluoride release and bonding strength data were analyzed using analysis of variance and
Tukey’s honestly significant differences test (THSDT). A paired t test was used to compare
the mean MTBS under different storage conditions. The microleakage score data were
analyzed using the Kruskal-Wallis test with post-hoc analysis performed using THSDT on
the ranks of the scores and a Bonferroni adjusted significance level employed to maintain a
5% experiment-wise error rate.

Results
The fluoride release and recharge profiles of the tested sealants are shown in Figures 1 and
2, respectively. Experimental sealants (Exp-1 and Exp-2) had higher sustained fluoride
release rates, while the commercial sealants (CL and FS) had much lower fluoride release
rates after the first 3 days (Figure 1). The cumulative fluoride release and recharge data are
shown in Table 2. Exp-1 and Exp-2 had significantly higher fluoride release and recharge
rates than commercial sealants CL and FS (P<.005). Exp 2 also had cumulative higher
fluoride release rates 14 days and 3 days after recharge than Exp-1 (P<.05), but Exp-1
should have a higher net F-recharge rate (see Discussion section). There seemed to be a
slight increase in peak values 1 day after recharge (or over 3 days) with increasing cycles,
but there was no significant difference in the values between each cycle. We also measured
the fluoride release from E34, but no fluoride was detected.
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MTBS of the sealants before and after 1,000 thermocycling treatments are shown in Table 3.
FS and Exp-2 had higher MTBS than E34 (P<.05) and similar bonding strength to Exp-1
and CL (P>.05). There was no significant decrease of MTBS after thermal cycling. A typical
micrograph and the microleakage score of the 4 groups’ samples are shown in Figure 3. The
Kruskal-Wallis test revealed a significant difference (chisquare = 21.0, df = 4, P<.001)
between microleakage scores for different sealants. The mean scores and standard deviations
are shown in Figure 4. Exp-2 had significantly lower scores than all the commercial sealants
(P<.005), but it was not significantly different from Exp-1 (P = .28). Exp-1 had a
significantly lower score than FS (P>.04), but it was not significantly different from CL (P<.
38) and E34 (P>.09).

Discussion
Pit and fissure sealants are widely used to treat early stage occlusal caries. The application
method for sealants is technique-sensitive, however, because saliva contamination may lead
to a poor seal and poor mechanical retention of the sealant. The partially retained sealant can
trap fermentable food debris underneath it and make it difficult to clean, which may
facilitate the formation of secondary caries. The fluoride ions in most fluoride-releasing
sealants do not show any antimicrobial property.41

The fluoride release from all fluoride-releasing sealants is usually high in the first 2 days
(“burst effect”) and then tapers off to a much lower level (as shown in Figure 1).11,12

Another obvious drawback of the sealant containing NaF is that the salt is not miscible with
the monomers, and porosity forms after the dissolution of the salt, which increases the water
sorption and decreases durability. To increase the solubility of the fluoride salt in dental
monomers, a large neutral organic salt—such as tetrabutylammonium fluoride—has been
used during the synthesis of the fluoride-releasing monomer.22 The tetrabutylammonium
ion, however, can form a tight ion-pair with fluoride, and such ion-pairs can leach out of the
material. This may lead to higher water sorption and solubility and a decline in mechanical
properties over time.22 A similar compound is also used in Clinpro sealant.

The experimental sealants in this study contain a new antibacterial fluoride-release
monomer, which consists of a fluoride-exchange dimethacrylate monomer containing
ternary zirconium fluoride chelate and an antibacterial monomer, N-benzyl-11-
(methacryloyloxy)-N, N-dimethylundecan-1-aminium fluoride (AM-2).38,39,42 The fluoride-
exchange monomer not only promotes the transport of the fluoride ion from the fluoride-
releasing filler to the surface of the material (increasing fluoride release), but also enhances
the uptake (recharge) of fluoride from high concentration fluoride sources, such as topical
fluoride agents or fluoride-containing toothpaste. Therefore, the experimental sealants have
shown significantly higher fluoride-releasing and recharging capabilities than the
commercial sealants (Figures 1-2, Table 2). Since we have previously reported the
antimicrobial effect of an AM-2-containing composite,38,39 an antimicrobial efficacy test
was not included in the current study. It is anticipated that the combination of the fluoride-
exchange monomer and antibacterial monomer will enhance the caries-inhibitive effect of
the sealant and reduce secondary caries.

Our previous pilot study of experimental sealants containing bioactive glass fillers showed
higher release of calcium, phosphate, and fluoride than a commercial fluoride-releasing
sealant (FluroShield).43 Calcium (Ca) and phosphate (P) released from the pit and fissure
sealant are able to promote the remineralization occurring beneath the sealant. There is a
concern, however, about the possible reduced retention rate of such bioactive sealants as
well as fluoride-releasing sealants.16,17 Our previous study of NovaMin-containing fluoride-
releasing bonding agents has shown that adding bioactive glass particles in bonding agents
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can increase Ca and P release but will decrease the bond strength.44 To improve the
adhesion and retention of the bioactive antibacterial fluoride-releasing sealant, 2 new
approaches have been applied in this study:

1. Nanoparticles (45 nm) instead of coarse particles (5 μm) of NovaMin bioactive
glass have been used. This could significantly reduce the precipitation of the
particles and phase separation of the sealant. It could also allow the sealant to
infiltrate into the microstructure of the etched pit and fissure.

2. Exp-1 and Exp-2 contain 5% newly synthesized adhesive monomer with a
phosphonic acid moiety, which may provide additional chemical bonding to
enamel, similar to dental adhesives. Through careful formulation, the viscosities of
the experimental sealants are kept at the same or lower levels compared to those of
commercial sealants to ensure their flowable property. Therefore, Exp-1 and Exp-2
have similar MTBS to FS, E34, and CL. The bonding strength after thermal cycling
showed no significant difference among the sealants. This indicates that addition of
antimicrobial fluoride release monomer in experimental groups does not decrease
the desired mechanical properties. In Figure 3, however, the section of
experimental sealant shows visible white granules, which may be the filler particle
aggregation. All the commercial sealants are very homogenous, and E34 shows
more transparency than FS and CL.

An unexpected result was that Exp-2 sealant (containing NovaMin nanoparticles) seemed to
have higher fluoride release and recharge rates than Exp-1. This result was further
confirmed by repeated experiments. A possible explanation is that the adhesive monomer
(containing phosphonic acid) in Exp-2 reacted with NovaMin nanoparticles (through an
acid-base reaction) and released calcium ions. These calcium ions reacted with the ternary
zirconium fluoride chelate in the fluoride-exchange monomer, which led to the release of
zirconium fluoride complex (perhaps as [ZrFn(OH)5-n]−, which was converted to zirconium
dioxide, water, and fluoride ions in aqueous solution).

Although the formation of calcium fluoride cannot be excluded, the strong chelating ability
of the monomer might suppress the formation of calcium fluoride. If this is true, the fluoride
recharge capability of the Exp-2 should be lower than Exp-1 (since the chelated calcium has
lower fluoride exchange ability than the zirconium counterpart). In fact, if we look carefully
at the recharge profile (Figure 2), we can see that Exp-2 actually had a smaller net increase
(smaller peak) of fluoride concentration than Exp-1. The higher cumulative fluoride release
for Exp-2 was mainly caused by its higher baseline (continually released fluoride). In other
words, Exp-1 indeed had a higher fluoride recharge capability than Exp-2. Further study
may be warranted to fully understand the functions of the NovaMin nanoparticles.

Conclusions
Based on this study’s results, the following conclusions can be made:

1. The new experimental antibacterial fluoride-releasing sealants had significantly
higher fluoride release and recharge capabilities than commercial sealants.

2. The experimental and commercial sealants had similar bonding strengths to
enamel.

3. The experimental sealants showed very little to no microleakage and significantly
less than the commercial sealants. Therefore, they are expected to have excellent
retention.
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4. Future studies are needed to evaluate the antimicrobial and biofilm-inhibitory
properties of the experimental sealants, and clinical trials will need to be conducted
to determine in vivo retention and anti-caries properties of these sealants.
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Figure 1.
Fluoride release profiles of the sealants in 14 days.
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Figure 2.
Fluoride recharge profiles of the sealants
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Figure 3.
Microleakage scores of typical micrographs of sealants for groups CL (score=2), FS
(score=3), E34 (score=4), and Exp1 (score=2) under 40×magnification.
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Figure 4.
Microleakage scores of different sealants. Groups with different letters have significant
differences (P<.05).
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Table 1

COMPOSITIONS OF THE SEALANTS USED IN THIS STUDY

Material Manufacturer Composition*

Clinpro 3M ESPE, St. Paul,
Minn., USA

TEGDMA, BisGMA, tetrabuty
lammoniumtetrafluoroborate,
silane-treated silica

SeLECT
Defense

Element 34 Technologies,
Lubbock, Texas, USA

Organic selenium compound

FluoroShield Dentsply Caulk,
Milford, Del., USA

Polyurethanes, BisGMA, sodium
fluoride

Exp-1 LSU School of Dentistry,
New Orleans, La.,
USA

Synthesized antibacterial fluoride
releasing monomer (16.13%),
BisGMA (6.45%), UEDMA
(12.90%), HDDMA (12.90%),
HEMA (12.90%), synthesized
adhesive monomer (3.22%),
silanized fluoride-releasing filler
(Caulk/Dentsply, 35%), photo-
initiators (0.5%)

Exp-2 LSU School of Dentistry,
New Orleans, La.,
USA

Same monomers and photoini-
tiators as in Exp-1, silanized
fluoride-releasing filler (Caulk/
Dentsply, 20%), NovaMin
bioactive glass particles
(GlaxoSmithKline, 15%)

*
BisGMA=2,2-bis[4-(2-hydroxy-3-methacroyloxypropoxy)phenyl]-propane; UEDMA=urethane dimethacrylate; HDDMA=1,6-hexanediol

dimethacrylate; HEMA=2-hydroxyethyl methacrylate.
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Table 2

CUMULATIVE FLUORIDE RELEASE IN 14 DAYS AND 3 DAYS AFTER RECHARGE (MEAN±SD)*

Materials
Cumulative fluoride

release in 14 days
(μg/cm2)

Cumulative fluoride
release 3 days after
recharge (μg/cm2)

Exp-1 23.90 ± 2.85B 2.93 ± 0.61b

Exp-2 45.34 ± 4.35A 6.44 ± 0.72a

Clinpro 4.98 ± 0.97C 0.46 ± 0.05c

FluoroShield 4.79 ± 1.10C 0.56 ± 0.13c

*
Groups with the same superscript latter have no significant difference (P<.05).
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Table 3

MICROTENSILE BONDING STRENGTH (MTBS; MEAN±SD)*

Materials MTBS, 24 hs
(MPa)

MTBS,
1,000 thermocycles

(MPa)

FluoroShield 24.13 ± 4.76A 25.62 ± 4.32a

Exp-2 24.60 ± 3.83A 23.79 ± 4.90a

Exp-1 22.71 ± 3.39A,B 21.99 ± 3.75a

Clinpro 20.24 ± 4.81A,B 22.53 ± 5.61a

E34 19.29 ± 4.73B 22.97 ± 5.20a

*
Groups with the same superscript latter have no significant difference (P>.05).
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