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INTRODUCTION

Artificial caries development has been used to 
simulate secondary caries formation in vitro and to 
evaluate the caries inhibition promoted by restorative 
materials with fluoride and antibacterial properties 
(1-3). Chemical (pH cycling and acid gels) (1,4,5) and 
biological (microbial culture) (5) models are the most 
commonly used for producing artificial caries in vitro.

Many of the cariostatic effects of fluoride-
containing materials have been previously evaluated by 
artificial caries-formation systems in an acidic medium, 
without the involvement of microorganisms (1,2). 
However, microorganisms may yield some information 
about the cariostatic effects of restorative materials on 
bacteria (6,7). Furthermore, the antibacterial effect of 
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adhesive systems containing the antibacterial mono-
mer 12-methacryloyloxy-dodecylpyridinium bromide 
(MDPB) on caries inhibition must be investigated with 
the use of biological models. In this model, sterilization 
of the specimens restored before their immersion in the 
culture broth is very important to avoid contamination 
and to guarantee the specific action of the inoculated 
cariogenic microorganism. Consequently, appropriate 
sterilization is required, but it should not affect the 
biomechanical properties of dental tissues and materials. 

The main sterilization methods used in inves-
tigations of caries inhibition by dental materials are 
ethylene oxide (EtO) (8) and gamma irradiation (2). The 
EtO gas sterilization process consists of 3 steps: being 
a cycle with specific gas concentration, a low-pressure 
autoclave, and temperature of 40-55°C (8). However, 
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the pressure and temperature may alter the properties of 
dental materials in this type of study. Gamma irradia-
tion from a cobalt-60 source seems to be the method of 
choice because it sterilizes without high temperature and 
pressure, chemical products or gases. It is the typical 
method used for sterilizing hospital supplies and food, 
generating ionizing photons that cause irreparable 
cleavage or DNA fragmentation in microorganisms (9). 
Nevertheless, it remains unclear whether the gamma ir-
radiation sterilization process could affect the fluoride 
release and antibacterial property of dental materials, 
as well as the tooth/restoration adhesion.

To the best of our knowledge, there is no study 
evaluating the effect of sterilization on the fluoride re-
lease and antibacterial property of resin dental materials. 
This study evaluated the effect of gamma irradiation on 
the fluoride release of resin-based dental materials and 
verify its effect on the antibacterial property of an MD-
PB-containing adhesive system (Clearfil Protect Bond 
- CPB) and a pit-and-fissure sealant (FluroShield - FS). 

MATERIAL AND METHODS

The tested materials are described in Table 1. 
Twelve cylindrical specimens of each material 

(FS and CPB) were fabricated using Teflon molds (4 
mm diameter x 1.3 mm thick). FS and CPB were light-
cured for 20 and 10 s, respectively, according to the 
manufacturer’s instructions. All specimens were coated 
with acid-resistant nail polish (Colorama; CEIL Com. 
Exp. Ind. Ltda., São Paulo, Brazil), except for one side 
(50.4 mm2 area) that was left for fluoride release mea-
surement, and were stored in water at 37ºC for 24 h. 

Four groups (n=6) were formed for analysis of 

fluoride release: 1 - FS and gamma irradiation; 2 - FS 
without gamma irradiation; 3 - CPB adhesive and gamma 
irradiation and 4 - CPB adhesive without gamma irradia-
tion. Specimens of group 1 and 3 were stored individu-
ally in bottles with 2 mL of deionized water and were 
sterilized in a gamma irradiation chamber (Gammacell 
220 Excel, GC-220E; MDS Nordion, Ottawa, Canada) 
for 24 h at 27°C with a 14.5 KGy dose (10). The irra-
diation time was determined taking into consideration 
the correction for radioactive decay of the gamma-ray 
source. Specimens of group 2 and 4 (controls groups) 
were stored individually in bottles with 2 mL of deionized 
water and kept at 27ºC for the same time as groups 1 and 
3. After 24 h, fluoride measurements in the individual 
solutions were taken in duplicate. 

In order to evaluate the release of fluoride, 
standard solutions were prepared from sodium fluoride 
solution with concentrations of 0.03, 0.06, 0.12, 0.25, 
0.50 and 1.00 ppm F to which was added TISAB III 
(Total Ionic Strength Adjustment Buffer; Termo Orion, 
Beverly, MA, USA) to obtain a constant background 
ionic strength. Standard solutions were used to plot the 
calibration graph. Fluoride release was detected using a 
fluoride-specific electrode (Orion 96-09) connected to a 
microprocessor ion analyzer (ORION EA- 940, Orion 
Research Inc., Boston, MA, USA). Readings were cap-
tured in milivolts (mV) and transformed into mgF-/mL 
(ppm F-) by linear regression of the calibration curve. 
ANOVA and Tukey’s tests were applied to verify the 
difference between the sterilization and non-sterilization 
groups for each material with regard to their fluoride-
releasing capability. Significance level was set at 5%.

The antibacterial effect of the CPB and FS 
against Streptococcus mutans after gamma steriliza-

Table 1. Tested materials.

Material Type Composition Batch number and 
manufacturer 

FluroShield Resin-based 
pit-and-fissure

Urethane modified Bis-GMA dimethacrylate, barium aluminoborosilicate 
glass (30%), polymerizable dimethacrylate resin, Bis-GMA, sodium 

fluoride, dipentaerythritol pentaacrylate phosphate, titanium
dioxide, silica amorphous.

# 317131
Dentsply/Caulk. 

Milford, DE, USA

Clearfil 
Protect
Bond

Self-etching 
adhesive 
system

Primer: MDP, MDPB, HEMA, hydrophobic methacrylate, water
Bond: MDP, Bis-GMA, HEMA, hydrophobic methacrylate, dI-

camphorquinone, N,N-diethanol-p-toluidine, silanated colloidal silica, 
surface-treated sodium fluoride.

# 00027A/00017A 
Kuraray, Okayama, 

Japan
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tion was evaluated by the agar-disc diffusion method. 
Twelve specimens of FS were made in the same way as 
described for the fluoride release test and were kept in 
water at 37ºC for 24 h. Six specimens were sterilized in 
the same gamma irradiation chamber (Gammacell 220 
Excel, GC-220E; MDS Nordion) for 24 h at 27°C with 
a 14.5 KGy dose (10), and the other 6 were stored in 
water at 27°C for 24 h. 

Two groups were formed: 1 - FS with gamma 
sterilization and 2 - FS without gamma sterilization. 
For CPB primer, 0.1 mL was inserted into 2 Eppendorf 
tubes. One Eppendorf tube was sterilized in a gamma 
irradiation chamber as described above and the other 
was kept at 27°C for 24 h. Two groups were formed: 
3 - CPB primer with gamma sterilization and 4 - CPB 
primer without gamma sterilization. A S. mutans strain 
(UA159) was grown in 5 mL brain heart infusion broth 
(BHI; Difco Laboratories, Detroit, MI, USA) for 24 h 
at 37°C to form a suspension. A sterile Petri dish (20 
x 100 mm) with a base layer containing 15 mL of BHI 
agar was prepared and 250 mL of bacterial suspension 
was spread onto each BHI agar plate. 

For CPB, 5 mL primer of each group was ap-
plied on sterile filter paper discs (4 mm diameter x 1.5 
mm thick) and 5 mL of aqueous 0.12% chlorhexidine 
digluconate was also applied (positive control). A 5 mL 
volume was chosen as the optimum for impregnation 
onto a paper disc without overflow of the test solution. 
For FS, the bottom surface of each polymerized speci-
men was placed on a BHI agar plate inoculated with 
250 mL of S. mutans (11). Six specimens were tested 
per group (n=6). The plates were kept for 2 h at room 

temperature for the materials to diffuse. After that, they 
were incubated at 37°C for 24 h in a 5% supplemented 
CO2 environment. In a pilot study, primer and sealant 
were partially polymerized during gamma irradiation. 
Incompletely polymerized primer could be used for the 
antibacterial test because it remained fluid and could 
be applied to the paper discs. However, as FS is more 
viscous than the CPB primer the uncured material inside 
the Eppendorf tubes could not be removed, and so it was 
necessary to use polymerized specimens.

The diameter of the zones of microbial growth 
inhibition was recorded in millimeters with a digital 
caliper (Mitutoyo, São Paulo, SP, Brazil). Measurements 
were taken at the greatest distance between 2 points at 
the outer limit of the inhibition zone formed around the 
filter paper discs. This measurement was repeated 3 times 
and the mean was computed for each filter paper disk. 
Statistical analysis was done by ANOVA and Tukey’s test 
to compare the inhibition zones of gamma sterilization 
and non-gamma sterilization groups against S. mutans 
strain at a 5% level of significance.

RESULTS

Fluoride release of FS decreased by almost 50% 
in the gamma sterilization group (p=0.03). Fluoride 
release of CPB was not affected by the gamma irradia-
tion process (p=0.07) (Table 2). Furthermore, there was 
no statistical difference in antibacterial effect of CPB 
between the gamma sterilization and non-gamma ster-
ilization groups (p=0.616) (Table 3). FS presented no 
antibacterial activity against S. mutans in both groups.

Table 2. Fluoride release of the pit-and-fissure sealant and adhesive 
system after gamma sterilization.

Materials
Gamma 

sterilization* 
(n=6)

Non-gamma 
sterilization 

(n=6)
p value

Clearfil Protect 
Bond

0.218 
(0.061) a

0.287 
(0.073) a 0.07

FluroShield 0.314 
(0.211) a

0.611 
(0.296) b 0.03

* Values are expressed as mean (standard deviation) in ppm F-. 
Different letters in rows indicate statistically significant difference 
(ANOVA and Tukey’s test; p<0.05). 

Table 3. Zones of microbial growth inhibition of Clearfil Protect 
Bond (primer) and FluroShield after gamma sterilization. 

Treatment
Gamma 

sterilization* 
(n=6)

Non-gamma 
sterilization 

(n=6)
p value

Clearfil Protect 
Bond 21.89 (0.99)a 22.25 (1.38)a 0.616

FluroShield Zero Zero _____

* Values are expressed as mean (standard deviation) in mm. 
Different letters in rows indicate statistically significant difference 
(ANOVA and Tukey’s test; p<0.05).
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DISCUSSION

Gamma sterilization affected the fluoride release 
of FS, while fluoride release of Clearfil Protect Bond was 
not affected. As fluoride incorporation method differs 
between the materials, fluoride release also occurs in 
different ways. Several factors can contribute to fluoride 
release: amount of fluoride, type and size of fluoridated 
particle, type of resin, silane treatment and porosity, hy-
drophilicity and the acid character of the polymer matrix 
(12). In FS, fluoride is added to unpolymerized resin in 
the form of a soluble salt (2% sodium fluoride) and its 
release results from the dissolution of this salt (13). In 
CPB, fluoride is present as NaF crystal-like structures 
(14), which are referred to by the manufacturer as being 
surface treated sodium fluoride (<1%). 

The effects of gamma irradiation on the proper-
ties of restorative resins in vitro were evaluated by von 
Fraunhofer et al. (15). The authors used a dose (80 Gy) 
to simulate radiation therapy for cancer treatment, which 
is lower than the 14.5 KGy dose used in this study. 
However it is known that the physical and mechanical 
properties of irradiated material are dose-dependent (16). 
Thus, the higher the dose used, the higher the altera-
tion in properties. von Fraunhofer et al. (15) found that 
gamma irradiation induced hardening of the outer layer 
(air-inhibited) of light-polymerized resins and reduced 
the water sorption and solubility. These results were ex-
plained by the increase in the conversion degree of resins 
caused by gamma irradiation because this procedure has 
a greater intensity and higher penetrating power than the 
visible light used to activate the composite polymeriza-
tion. Moreover, gamma irradiation increases the surface 
hardness and decreases the water sorption and solubility 
of resin materials. The present study showed that it also 
influenced the fluoride release in resin materials with 
sodium fluoride in the matrix. Interestingly, in a pilot 
study, the specimens that received gamma irradiation 
were partially polymerized inside the Eppendorf tubes, 
visibly showing the increase in the conversion degree. 

Since gamma irradiation has the potential to in-
crease the conversion degree of composite resin materials 
and decrease the water sorption and solubility (15), it can 
also reduce the fluid ingress into the structure of resin 
materials, decrease fluoride/water contact and fluoride 
movement in the matrix, resulting in lower fluoride 
release (17). This was observed in this study. Gamma 
sterilization decreased the fluoride release in FS by almost 

50%. However, when fluoride was present as fillers or 
crystals, no difference was found between sterilized and 
nonsterilized groups. This could be due to the presence 
of NaF crystals-like structures on the surfaces that might 
have released fluoride even after gamma irradiation. 

The fluoride release values of sealant and adhe-
sive system obtained in the present study were higher 
than those of other studies (1,18) because resin material 
disks release more fluoride than the material bonded 
to enamel or dentin. In restorations, fluoride discharge 
is low, restricted only the enamel/sealant and dentin/
adhesive interactions (1,18). The specific electrode is 
not able to detect low concentrations of fluoride ions 
released by materials bonded to enamel or dentin (18).

MDPB (present in CPB) is a compound of the 
antibacterial agent quaternary ammonium and a methac-
ryloyl group. It is covalently bound to the polymer matrix 
by its copolymerization with other monomers when 
the material is polymerized (19),  and MDPB becomes 
immobilized in the polymer matrix. The antibacterial 
activity after polymerization occurs by contact, without 
MDPB leaching out from the matrix (11). 

Generally, the agar-disc diffusion method is used 
to evaluate the antibacterial activity of materials from 
which an antibacterial component leaches out. In this 
study, the increase in the conversion degree caused by 
gamma irradiation did not affect the antibacterial activity 
of MDPB because it remained in contact with S. mutans 
colonized on the agar. Imazato et al. (11) showed that 
polymerized MDPB primer produced no inhibition 
zones, but it had inhibitory effects against bacteria in 
contact with the material surface. All FS specimens 
were polymerized before the test and, as there was no 
water to release, the fluoride did not diffuse in the agar 
and the zone of microbial growth inhibition against S. 
mutans was null. However, it would not be possible 
to test the antibacterial effect of FS after gamma ir-
radiation with fluid specimens because they could be 
polymerized during the irradiation process, invalidating 
the analysis. Loyola-Rodriguez and Garcia-Godoy (20) 
did not find antibacterial effect of FluroShield against S. 
mutans either. Furthermore, clinically, fluoride is known 
to inhibit the biosynthetic metabolism of bacteria, but 
these antimicrobial effects in caries prevention are often 
regarded as being of little or no importance when com-
pared with the direct interaction of fluoride with the hard 
tissue during caries development and progression (12). 

Some studies have tested the cariostatic effect 
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of dental materials with biological models, in which 
specimens were previously sterilized before immersion 
in culture broth with microorganisms, but the effect 
of sterilization on cariostatic properties has not been 
evaluated (5). The real importance of this study is to 
determine whether gamma sterilization can be used 
in specimens before immersing them in the biological 
model in vitro. This study showed that the biological 
model is not applicable to FS when gamma sterilization 
is used, because it decreases the fluoride release. Other 
models should be used to simulate artificial caries and 
evaluate the cariostatic effect of FS, such as pH cycling 
and acid gels, which do not require previous steriliza-
tion. In contrast, gamma sterilization did not affect the 
fluoride release and antibacterial activity of CPB, making 
it a safe sterilization method for verifying the cariostatic 
effect of this material when using a biological model. 

RESUMO

Este estudo avaliou o efeito da esterilização com raios-gama na 
liberação de flúor e atividade antibacteriana de materiais resinosos, 
Fluroshield (FS) e Clearfil Protect Bond (CPB). Quatro grupos 
foram formados: G1-FS e gama; G2-FS sem gama; G3-CPB e 
gama; G4-CPB sem gama. Doze discos de cada material foram 
preparados para análise de liberação de flúor, os quais foram 
cobertos com esmalte de unha, exceto em um lado com 50,4 mm2 
de área. G1 e G3 foram esterilizados com dose de 14,5 KGy por 
24 h/27°C, enquanto G2 e G4 (controles) não foram esterilizados 
e foram mantidos sob as mesmas condições de tempo e tempera-
tura. As leituras de liberação de flúor foram feitas em duplicata 
(n=6) por um eletrodo específico. A atividade antibacteriana 
foi avaliada pelo teste de difusão em agar. Os halos de inibição 
foram medidos após 48 h. Os dados foram analisados pelos tes-
tes ANOVA e Tukey (α=5%). A esterilização gama diminuiu a 
liberação de flúor de FS em cerca de 50%, enquanto CPB não foi 
afetado. Não houve diferença estatisticamente significante entre os 
grupos esterilizados e controle no efeito antibacteriano do CPB. 
FS não apresentou atividade antibacteriana. A esterilização gama 
diminuiu a liberação de flúor de FS, mas não afetou a atividade 
antibacteriana dos materiais estudados.
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