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AbstrAct
Objectives: To evaluate the influence of various photoactivation techniques on the internal gap, 

Knoop-hardness, and polymerization depth of silorane- and methacrylate-based composites in 
Class II restorations. 

Methods: Preparations were made in third molars (n = 10), according to composites (Filtek P60: 
methacrylate; Filtek P90: silorane) and photoactivation techniques (OC: occlusal photoactivation 
(control); OBL: occlusal+buccal+lingual photoactivation; and BLO: buccal+lingual+occlusal photoac-
tivation (transdental)). Composites were inserted in two increments, both individually photoactivated 
for 20s. After 24h, specimens were sectioned and the ratio of internal gaps to interface length (%) 
recorded. Hardness was tested across the transversal section of restorations (1-4 mm below the 
surface). 

Results: Silorane restorations showed significantly lower gaps compared with methacrylate, re-
gardless of polymerization technique (P<.05). Supplementary energy dose in OBL and BLO protocols 
caused significant increase in gaps in silorane restorations (P<.05). For methacrylate restorations, 
OBL activation caused significantly higher gap formation (P<.05). Significantly lower hardness values 
were seen for silorane than for methacrylate composites (P<.05), regardless of depth and photoac-
tivation. Significantly higher hardness values were seen in BLO activation for methacrylate restora-
tions compared with control (P<.05); for silorane, no differences were observed. Significantly higher 
hardness values were observed at 1 and 3 mm compared to 2 and 4 mm for both composites. 

Conclusions: Internal gaps and hardness are affected by composite type and photoactivation. 
Despite the reduced values, hardness of silorane is not influenced by photoactivation or by depth. 
Internal gaps are dependent on the energy dose for both composites, with silorane showing lower 
internal gaps. (Eur J Dent 2012;6:133-140)
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The main problem related to composite restora-
tions is the polymerization shrinkage that creates 
contraction forces that lead to stress accumulation 
at the preparation walls; as a consequence, gap for-
mation and subsequent microleakage can occur.1,2 
Several approaches have been proposed to reduce 
the resulting shrinkage stress such as controlling 
cavity configuration (C-factor),3 modulating light in-
tensity with different polymerization techniques,4 us-
ing different cavity filling methods,5 and also applying 
stress absorbing intermediate layers.6,7 In addition, 
new formulations of composites have been devel-
oped by increasing the volume of inorganic particles, 
increasing the monomer molecular weight, or modi-
fying the chemical structure of certain monomers 
and/or replacing them.8,9

Recently, a silorane-based composite was intro-
duced containing cationic ring-opening monomers, 
a compensating mechanism for shrinkage stress 
occurring during polymerization.10 This new mono-
mer system, called silorane, was obtained from the 
reaction of oxirane and siloxane molecules.10 It has 
been claimed that the novel resin combines the two 
key advantages of the individual components: low 
polymerization shrinkage due to the ring-opening 
oxirane monomer and increased hydrophobicity due 
to the presence of the siloxane species. As a result of 
these particular characteristics, the silorane-based 
composite revealed decreased water sorption, solu-
bility, and associated diffusion coefficient compared 
with these qualities when methacrylate-based com-
posites were tested.11 In a previous study,11 it was 
found that the cusp deflection caused by polymeriza-
tion shrinkage was significantly lower when extract-
ed teeth were restored with an experimental silorane 
material in comparison to that seen when a meth-
acrylate-based composite was applied. In addition, 
in another study,12 it was found that no microleak-
age occurred when Class II MOD preparations were 
restored with a silorane-based composite. On the 
other hand, a clinical study13 revealed that the excel-
lent results exhibited by silorane composite restora-
tions in laboratory tests were not clinically validated. 
In that study, the marginal adaptation of direct Class 
II silorane composite restorations was evaluated im-
mediately and after one year. Results were compared 
with those of methacrylate composite restorations. 
At the follow-up evaluation, marginal adaptation in-

IntroductIon dicated better performance of methacrylate-based 
composite restorations.

A wide variety of light sources is currently 
available, with increased power density and dif-
ferent spectral irradiance, with inherent charac-
teristics and claimed advantages.14,15 On the other 
hand, the best irradiation procedure for polymer-
izing composites has not been determined yet.4,16 
These parameters are of particular interest since, 
in practice, they are under control of the clinician.17 
Application of initial low-intensity polymerization 
techniques has been proposed to reduce irradi-
ance level to activate the material.18 An initial slow 
curing allows slow development of composite stiff-
ness and favors composite flow, helping to reduce 
shrinkage stress.19 In one of these techniques, 
known as transdental technique,20 the light is irra-
diated through the dental tissues. In this case, there 
is a reduction of up to 70 % in the power density 
that reaches the composite at the other side of the 
dental structure.21 One may argue that such method 
could modify the kinetics of polymerization as well 
as crosslink density,22 leading to different polymer 
structures, despite similar degrees of conver-
sion.23 Crosslink density has been associated with 
increased physical properties and stability;23 thus, 
composites with poor mechanical properties would 
be obtained.24,25,26 Although transdental technique 
provided no benefits in terms of marginal adapta-
tion, a significant increase in the mechanical prop-
erties of certain methacrylate-based composites 
was seen.27 

This study evaluated the influence of different 
polymerization protocols on the composite micro-
hardness and internal adaptation of Class II res-
torations filled with different posterior restorative 
systems (a silorane-based restorative system and 
a methacrylate-based composite system). The fol-
lowing research hypotheses were tested for both 
restorative systems by using the methacrylate-
based composite as a reference: (1) restorations 
filled with the silorane-based composite would 
present reduced gap formation; (2) the transdental 
polymerization technique would reduce gap forma-
tion without decreasing composite hardness.

MAtErIALs And MEtHods
Specimen preparation
A total of 30 sound, recently extracted human 

third molars were scaled, cleaned with a slurry of 

   Effects of polymerization protocols on silorane composite restorations 



April 2012 - Vol.6
135

European Journal of Dentistry

pumice and water, and stored in a 0.1 % thymol 
solution at room temperature to prevent bacterial 
growth for no more than a month. Teeth were ob-
tained and used in accordance with a protocol ap-
proved by the local Ethical Committee (file number: 
COPI 2009334). The cusps were abraded using a 
wet-ground #320-grit silicon carbide paper and 
then finished with #600-grit. Standardized, Class II 
preparations at both mesial and distal surfaces of 
the teeth were made using #245 carbide burs (Bras-
seler, Savannah, GA, USA) in a high-speed hand-
piece. Preparation dimensions were the following: 
bucco-lingual width 4.0 mm; gengivo-occlusal 
width 5.0 mm; axial wall 2.5 mm deep. The occlusal 
margins were located in enamel, and the gingival 
margin was located in dentin. Burs were replaced 
after three preparations. Preparation finishing was 
performed dry with the same bur at low speed. For 
each tooth, one preparation was restored using the 
methacrylate-based restorative system Filtek P60 
(3M/ESPE, St Paul, MN, USA), and the other using 
the silorane-based restorative system composite 
Filtek P90 (3M/ESPE, St Paul, MN, USA). The char-
acteristics of the composites as well as the selected 
dentin bonding adhesive systems are described in 
Table 1. All restorative materials were photoactivat-
ed using an LED light-curing unit (Bluephase, Ivo-
clar-Vivadent, Schaan, Liechtenstein) with a power 
density of 1,000 mW/cm2.

The preparation to which the methacrylate-
based composite was applied was previously 
etched for 15 s with a 35 % phosphoric acid gel 
(Scotchbond Etchant, 3M/ESPE, St Paul, MN, USA) 

and then water rinsed for 20 s. Absorbent paper 
tissue was used to remove excess water inside 
the preparation. A dentin bonding adhesive sys-
tem (Adper Single Bond 2, 3M/ESPE, St Paul, MN, 
USA) was applied to all aspects of the preparation, 
following manufacturer’s instructions. The prepa-
rations were previously etched for 15 s with 35% 
phosphoric acid gel (Scotchbond Etchant, 3M ESPE, 
St. Paul, MN, USA) and then water rinsed for 20 s. 
Two layers of adhesive were applied to all aspects 
of the preparation and a gentle air blowing for 3 s 
was performed. Adhesive was then polymerized 
for 10 s. In the opposite preparation receiving the 
silorane-based composite, a two-step, self-etching 
adhesive system (P90 System adhesive, 3M/ESPE, 
St Paul, MN, USA) was applied to all aspects of the 
preparation also following manufacturer’s instruc-
tions. P90 Primer was then applied for 15 s with a 
microbrush, followed by gentle air dispersion and 
10 s of light curing. P90 Bond was also applied with 
a microbrush, followed by gentle air dispersion and 
photoactivation for 10 s.

After bonding procedures, a Mylar strip attached 
to a Tofflemire matrix retainer was fixed around the 
tooth. The specimen was then placed into a device 
containing two adjacent teeth to simulate proximal 
contact. Wood wedges were inserted in the proxi-
mal areas to provide proximal contact and contour 
with the adjacent tooth as well as to provide an ad-
equate cervical adaptation. Both composites (shade 
A3) were inserted in two increments (2.5 mm thick), 
which were individually photoactivated. Specimens 
were randomly divided into three groups (n = 10), 

Table 1. Description of the adhesives and composites used in the study.

Bechtold, dos Santos, Anido-Anido, Di Hipólito, Alonso, D'Alpino    

Product name Ingredients lot #

Filtek P90          
(3M ESPE)

3,4-Epoxycyclohexylethylcyclopolymethylsiloxane,
bis-3,4-epoxycyclohexylethylphenylmethylsilane;

Silanized quartz; yttrium fluoride; 76wt%.
9ER

Filtek P60
(3M ESPE)

Bis-GMA; Bis-EMA; UDMA; TEGDMA;  
9PG

Silica nanofiller; 83wt%.  

P90 System Adhesive 
(3M ESPE)

Two-bottle self-etch adhesive system;  

9BL (P) 
9BH (B)

Primer: phosphorylated methacrylates, Vitrebond 

copolymer, Bis-GMA, HEMA, water, ethanol, 

silane-treated silica filler, initiators, stabilizers. 

Bond: hydrophobic dimethacrylate, phosphorylated 

methacrylates, TEGDMA, silane-treated silica filler,

initiators, stabilizers.    

Adper Single   Bond 2                              
(3M ESPE)

Etch-and-rinse, conventional adhesive system; 
Bis-GMA; polyalkenoic acid co-polymer; dimethacrylates; 

HEMA; photoinitiators; ethanol; water; nanofiller particles.
9WF
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according to the following photoactivation tech-
niques:

1. OC: occlusal: occlusal irradiation for 20 s;
2. OBL: 20 s occlusal, 20 s buccal, and 20 s lin-

gual irradiation, sequentially; 
3. BLO: transdental: 20 s buccal, 20 s lingual, 

and 20 s occlusal irradiation, sequentially.
For the occlusal photoactivation, the distal end 

of the light curing was positioned close to the oc-
clusal surface of the restoration, and continu-
ous irradiation at 1,000 mW/cm2 was performed. 
When irradiation was performed through the den-
tal structures, the distal end of the light curing was 
positioned buccally and lingually to the restoration, 
and a decrease to 160 mW/cm2 power density was 
obtained. Considering these differences in power 
density, the energy dose calculated for OC was 20 J 
and for OBL and BLO was 26.4 J.

Specimens were then stored at 37° C in physi-
ologic saline solution for 24 h. Restorations were 
then finished and polished using 8- and 16-blade 
carbide burs (ET4 and ET3F, Brasseler, Savan-
nah, GA, USA, respectively) and disks (Sof-Lex, 3M 
ESPE, 3M/ESPE, St Paul, MN, USA) mounted in a 
slow-speed handpiece. The specimens were sub-
sequently embedded in epoxy resin (Castin’ Craft 
Clear Liquid Plastic, Environmental Technology 
Inc., Fields Landing, CA, USA), allowing each tooth 
to be mounted and sectioned using a water-cooled 
rotating diamond blade (Isomet Low Speed Saw, 
Buehler Ltd., Evanston, IL, USA). Each restoration 
was mesio-distally sectioned. Both resulting sur-
faces were examined, but results of the two sec-
tions were taken as a single data. After 24 h, each 
specimen was wet-polished with 600-, 1,200-, and 

2,000-grit SiC papers and submitted to internal gap 
and hardness evaluation.

Internal gap evaluation
After the samples were air dried, a drop of 1 % 

acid red propylene glycol solution (Caries Detector, 
Kuraray, Osaka, Japan) was placed on the bonded in-
terface for 20 s.28 The samples were rinsed with wa-
ter and air dried, and digital images were obtained. 
The length of staining along the interface was mea-
sured using Image Tool 2.0 software (UTHSC, San 
Antonio, TX, USA). Internal gap (%) was calculated as 
the ratio of the stained interface to the total length of 
the interface. Data were submitted to nonparametric 
Kruskall-Wallis test at 5 % significance. 

Hardness evaluation 
Knoop indentations were made across the sec-

tion of the composite with an indenter (HMV-2, Shi-
madzu, Tokyo, Japan), using a 50 g load for 5 s. Three 
readings were performed below the occlusal surface 
at 1, 2, 3, and 4 mm of depth. The Knoop hardness 
number (KHN) mean value was calculated from the 
three indentations for each depth. The data were 
submitted to three-way ANOVA and Tukey’s test at a 
pre-set alpha of .05.

rEsuLts
Internal gap evaluation
Internal gap percentage data can be seen in Fig-

ure 1. According to these results, silorane-based 
restorations showed significantly lower internal 
gaps than those in methacrylate-based restorations, 
regardless of photoactivation method employed 
(P<.05). In addition, the two experimental photoac-
tivation techniques produced different effects on 
internal adaptation of the restorations. For groups 
filled with the silorane-based composite, both OBL 
and BLO photoactivation methods produced more 
incidence of internal gaps in restorations than when 
only occlusal photoactivation was applied (P<.05); 
for groups filled with the methacrylate-based com-
posite, only OBL photoactivation technique produced 
a greater incidence of internal gaps in restorations 
than in conventional occlusally photoactivated res-
torations (P<.05). BLO photoactivation technique 
showed similar results to those of the conventional 
occlusally photoactivated group for 3M ESPE Filtek 
P60 (P>.05).

Figure 1. Internal gap percentage data.
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Hardness evaluation
Hardness results can be seen in Tables 2 and 3. 

ANOVA was conducted with three factors: compos-
ite x photoactivation x depth. For this test, statisti-
cal analysis showed that only the individual factors 
“composite” and “depth” and the interaction “com-
posite x photoactivation method” were significant 
(P<.05). The methacrylate-based composite Filtek 
P60 showed significantly higher mean Knoop hard-
ness values than those of the silorane-based com-
posite Filtek P90, regardless of other factors (Table 
2). Regarding the factor of depth, no difference in 
KHN values was observed between 1 and 3 mm and 
between 2 and 4 mm; however, both 1 and 3 mm be-
low the restoration surface, both composites showed 
significantly higher hardness values than the values 
seen at both 2 and 4 mm (P<.05). The KHN mean 
values can be ranked as follows: 1 mm = 3 mm > 2 
mm = 4 mm (Table 2). The interaction between com-
posite and photoactivation is shown in Table 3. For 
the methacrylate-based composite, the BLO group 
produced significantly higher hardness values com-
pared with the values seen when the conventional 
occlusal photoactivation technique was applied 
(P<.05); for the silorane-based composite no signifi-
cant differences were observed among photoactiva-
tion methods. Triple interaction was not significant.

dIscussIon
The first hypothesis, which anticipated that res-

torations filled with the silorane-based composite 
would present reduced gap formation, was accepted. 
Despite the polymerization technique, all groups in 
which Filtek P90 was applied presented significantly 
lower gaps than with Filtek P60. Various factors can 
be proposed to explain this difference. One of them 

relies on the different mechanisms of polymerization. 
In methacrylate-based composites, a volumetric 
shrinkage occurs because of proximity of monomers 
that react to establish a covalent bond in the polym-
erization process. Besides, the distance between the 
two groups of atoms is reduced (from 4.0 to 1.5 nm) 
and that also contributes to a reduction in free vol-
ume.29 Although this phenomenon also occurs with 
the silorane composite, the ring-opening chemistry 
promotes expansion of the molecule during the po-
lymerization process. The kinetics of the initiation 
and polymerization begin with cleavage and opening 
of the ring systems via a cationic ring-opening reac-
tion, allowing a gain of space that counteracts the re-
duction in free volume.10 Overall, the polymerization 
process yields reduced volumetric shrinkage; thus, 
less polymerization contraction (< 1 %) would create 
less polymerization stress compared with methacry-
late-based composites (with volumetric contraction 
varying between 2 and 5 %); however, according to 
Marchesi et al,30 reducing shrinkage is not a guar-
antee of reduced stress development in composites. 
These authors found that shrinkage stress produced 
by silorane-based composites was comparable to 
that seen in methacrylate-based composites.  Based 
on the results of the present study, it can be spec-
ulated that there might have been a reduction in 
shrinkage stress, as decreased gap formation was 
observed in silorane-based restorations. 

Regarding photoactivation methods, both OBL 
and BLO techniques caused a significant increase 
in gap formation at the silorane composite–restora-
tion interface. For the methacrylate-based com-
posite, significantly higher gap formation was seen 
only when the OBL technique was applied after oc-
clusal irradiation. In both cases, an increase in gap 

Table 2. Means of hardness values according to composites, depth, and photoactivation techniques.

Bechtold, dos Santos, Anido-Anido, Di Hipólito, Alonso, D'Alpino    

  O C O B L B L O

1mm 2mm 3mm 4mm 1mm 2mm 3mm 4mm 1mm 2mm 3mm 4mm

Filtek P60
85.1 80.1 82.2 78.3 86 83.1 83.6 82 87.3 82.6 88.2 83.2

4.4 5.8 4.8 4.2 7.9 8.1 8.3 7.7 7.5 6.8 5.9 7.1

Filtek P90
51.7 48.3 52.9 48.9 51 49.1 51 47.6 50.9 48.5 49.5 49.2

2.9 3 4 5 4 3.5 2.7 2.9 2.8 4.6 3.1 3.9

  OC OBL BLO

Filtek P 60 81.39 aB 83.65  aAB 85.30 aA

Filtek P 90 50.47 bA 49.67 bA 49.51 bA

Table 3. Means of Knoop hardness (KHN) for interaction composite X photoactivation.

Means followed by different small letters in column and capital letters in row: significant (P<.05)
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formation can be explained by the energy dose ap-
plied to these composites. It is well known that the 
photoactivation method and the extent to which the 
polymerization reaction occur determine shrinkage 
values.29 According to Calheiros et al,31 an increase 
in energy dose after a certain limit causes an insig-
nificant increase in degree of conversion but gener-
ates an intense and significant increase in shrinkage 
stress.  In this way, the supplementary energy dose 
applied, especially in group OBL, certainly caused 
an increase in gap formation at the internal mar-
gins in both composites. The energy dose somehow 
controls the degree of conversion,32 but the way this 
energy was applied (power density and type) to the 
composites also has an important effect, as con-
firmed by some studies.33,34 This energy-controlled 
conversion is particularly evident for the silorane-
based composite. The higher the irradiation time, 
the greater the chances the oxirane rings will open, 
increasing the degree of conversion. But the extra 
energy might have raised the conversion in a rigid 
network in which the mobility of the developing poly-
mer chains became progressively more restricted as 
a consequence of the increase in viscosity, reduction 
in free volume, formation of microgels and entan-
glement.35 Thus, increased conversion occurs after 
the gel point, at which time the developing polymer 
chains restrict the ability of the polymerizing net-
work to flow in order to relieve the stress resulting 
from polymerization shrinkage.16,35 When the photo-
activation method was only occlusally performed (OC 
group), the energy dose applied to these composites 
favored decreased shrinkage and probably reduced 
shrinkage stress. In this way, the second hypothesis, 
that the transdental polymerization technique would 
reduce gap formation without decreasing compos-
ite hardness, was rejected; however an interesting 
result occurred in the BLO group for methacrylate-
based restorations. Despite the higher energy dose, 
which provided a higher degree of conversion (indi-
rectly confirmed by the hardness test), gap formation 
seen in the BLO group was similar to that of the OC 
group. Thus, it can be speculated that increasing the 
irradiation period increased the energy dose applied 
to the composite, consequently increasing interfa-
cial gaps, when compared with 20 s irradiation (OC 
group). However, in a comparison of BLO and OBL, 
irradiation directly on the resin composite (OBL) in-
duced more gaps than transdental (BLO) irradiation.

Knoop hardness values were mainly influenced 

by the type of material. Hardness values seen with 
Filtek P60 were significantly greater than those for 
Filtek P90, regardless of photoactivation method 
(P<.05). This can possibly be explained by the fact 
that the two composites are different in terms of 
filler concentration and type. Filtek P90 comprises a 
combination of fine quartz particles and radiopaque 
yttrium fluoride, classified as a microhybrid compos-
ite. The concentration of filler particles in this com-
posite is 76 % by weight. On the other hand, the filler 
in Filtek P60 is zirconia/silica in a concentration of 
83% by weight. In contrast, the methacrylate-based 
composite is classified as a hybrid composite. For 
comparison, the KHN of quartz is 820, while that of 
zirconia is 1,160.20 Previous studies have shown that 
variables such as size, shape, distribution, and con-
tent per volume/weight of filler particles in the ma-
trix influence the material strength, hardness, and 
modulus of elasticity of resin composites.36,37,38 

Regarding photoactivation methods, no sig-
nificant difference was observed in the KHN of 
silorane-based composite groups, irrespective of 
photoactivation method used (P>.05). For the meth-
acrylate-based composite, significantly higher mean 
hardness values were observed for the BLO group 
when compared with the OC group (P<.05). This find-
ing could be explained by the higher energy dose ap-
plied to the BLO group and possibly by the extended 
irradiation time, which allowed more free radical for-
mation and more conversion. In a previous study,39 it 
was demonstrated that, considering the same com-
posite, an increase in KHN was related to an increase 
in degree of conversion. 

Initially, hardness across composite sections was 
determined to verify whether polymerization was ad-
equate at all depths. It is well known that the number 
of photons reaching the bottom of the composite is 
reduced exponentially as thickness of the composite 
increases.40,41 In this way, the transdental photoacti-
vation technique could improve polymerization at the 
bottom of the restorations because light, even at re-
duced irradiance, could reach the composite through 
the remaining buccal or lingual structure. However, 
such an improvement was not observed. Hardness 
values were not affected by photoactivation tech-
nique. All photoactivation provided adequate hard-
ness values. Regarding the factor of depth, for both 
composites regardless of photoactivation technique, 
significantly higher hardness values were observed 
at 1 and 3 mm below the restoration surface than at 
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2 and 4 mm. Although significant hardness values 
were noticed, considering the factors of photoactiva-
tion method and depth, a difference less than 20% 
in terms of this mechanical property would have no 
clinical significance.42 Consequently, considering the 
limit proposed by the manufacturer in terms of in-
crement thickness (2.5 mm), it can be inferred by re-
sults of the hardness test that both composites were 
adequately polymerized throughout the material, ir-
respective of photoactivation method.

In a previous study43 it was found that a higher 
energy dose produces a slight increase in hardness 
for the silorane-based composite, but also increases 
the internal gap formation. On the other hand, it was 
point out that gap formation seems to be a conse-
quence of an underperformed bonding approach 
rather than the differences in the resin-composite 
formulation. Extrapolations to clinically support and 
validate the results of the present study need to be 
done with caution since future studies are required.

concLusIons
Within the limitations imposed in this study, it can 

be concluded that
• Restorations filled with the silorane-based 

composite showed reduced gap formation compared 
to methacrylate, despite the polymerization protocol; 

• A supplementary energy dose applied in experi-
mental protocols causes an increase in internal gap 
formation for both composites;

• Silorane-based restorations exhibited lower 
hardness values but better internal adaptation com-
pared with methacrylate-based restorations. 
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