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Marginal integrity is one of the most crucial aspects involved in the clinical longevity of 
resin composite restorations. Objective: To analyze the marginal integrity of restorations 

produced with a model composite based on polyhedral oligomeric silsesquioxane (POSS). 
Material and Methods: A base composite (B) was produced with an organic matrix with 
UDMA/TEGDMA and 70 wt.% of barium borosilicate glass particles. To produce the model 
composite, 25 wt.% of UDMA were replaced by POSS (P25). The composites P90 and 
TPH3 (TP3) were used as positive and negative controls, respectively. Marginal integrity 
(%MI) was analyzed in bonded class I cavities. The volumetric polymerization shrinkage 
(%VS) and the polymerization shrinkage stress (Pss - MPa) were also evaluated. Results: 
The values for %MI were as follows: P90 (100%) = TP3 (98.3%) = B (96.9%) > P25 
(93.2%), (p<0.05). The %VS ranged from 1.4% (P90) to 4.9% (P25), while Pss ranged 
from 2.3 MPa (P90) to 3.9 MPa (B). For both properties, the composite P25 presented the 
worst results (4.9% and 3.6 MPa). Linear regression analysis showed a strong positive 
correlation between %VS and Pss (r=0.97), whereas the correlation between Pss and %MI 
was found to be moderate (r=0.76). Conclusions: The addition of 25 wt.% of POSS in 
methacrylate organic matrix did not improve the marginal integrity of class I restorations. 
Filtek P90 showed lower polymerization shrinkage and shrinkage stress when compared 
to the experimental and commercial methacrylate composite.
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INTRODUCTION

Nowadays, resin composites are widely used to 
rebuild dental hard tissues lost by trauma or caries9. 
This class of restorative materials comprises an 
organic matrix based on methacrylate monomers 
(Bis-GMA, Bis-EMA, TEGDMA and UDMA), inorganic 
ller particles and a silane-coupling agent that 

improves the chemical interaction between the 
matrix and the fillers9. The polymerization of 
these materials is mediated by photosensitizer 
substances that absorb photons, reach an excited 
stage and break the terminal C=C bonds of the 
methacrylate monomers producing a free radical 
copolymerization reaction23.

Irrespective of the improved mechanical and 
aesthetic properties, however, volumetric shrinkage 
still remains a shortcoming to be overcome when 
using resin composites6. The rapid reduction in 
volume that occurs when the composite changes 
from a viscous to a rigid state may develop stresses 
at the tooth-restoration interface, leading to loss of 
marginal integrity and postoperative sensitivity16.

Clinically, techniques such as C-factor control, 
incremental lling and modulation of the irradiance 
used for photocuring the composite are used in an 
attempt to minimize the effects of polymerization 
shrinkage stresses8,31. In the eld of materials 
science, some studies have focused on changes in 
the material composition such as inorganic ller 
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type and loading25, the use of high molecular weight 
monomers24 and especially the use of monomers 
with a chemical structure that promotes low 
polymerization shrinkage22. In the last decade, a 
new organic matrix based on silorane monomers 
was introduced19. The silorane molecule comprises a 
hydrophobic siloxane core with oxiranic terminations 
that initiates a cationic ring-opening polymerization 
that counteracts the loss of volume due to polymeric 
network formation29. Theoretically, this mechanism 
leads to lower polymerization shrinkage. In fact, 
published studies have shown that resin composites 
based on silorane presented reduced gap formation 
at the tooth–composite interface16. Due to a 
complex photocuring system mediated by a cationic 
initiator and an acid salt of iodine, these composites 
are chemically incompatible with composites based 
on methacrylate monomers11. This aspect could be 
seen as a clinical limitation of the silorane-based 
materials.

Recent studies have shown promising results 
regarding the volumetric shrinkage in methacrylate 
organic matrixes modified with polyhedral 
oligomeric silsesquioxane (POSS)10,27,30. POSS is a 
nanostructured hybrid (organic-inorganic) molecule 
with an empirical formula RSiO1,5, where SiO1,5 
corresponds to a core of SiO and R can be a hydrogen 
atom or any functional pendant group on its eight 
vertices, for example, a functional methacrylate 
group17. As a result, the POSS molecule can be 
copolymerized with a dimethacrylate system using 
a conventional camphorquinone/tertiary amine 
photoinitiation system30.

Former studies have tested ternary organic 
matrixes of Bis-GMA/TEGDMA/POSS, with positive 
results only when a low content of POSS (2-10 
wt.%) was used10,30. These results were probably 
in uenced by the high viscosity of Bis-GMA, which 
can impair the mobility of the organic matrixes23. 

Taking this into consideration, an experimental 
resin composite with a ternary UDMA/TEGDMA/
POSS organic matrix was formulated in the present 
study. The UDMA is an aliphatic molecule without 
pendant –OH groups, a feature that causes this 
monomer to be less viscous than Bis-GMA23. 
Theoretically, these characteristics could allow a 
higher incorporation of POSS with better results in 
terms of polymerization shrinkage. Therefore, the 
purpose of the present study was to analyze the 
marginal integrity of restorations produced with a 
model composite based on polyhedral oligomeric 
silsesquioxane (POSS). The research hypothesis 
was that the model composite based on POSS would 
present low volumetric polymerization shrinkage, 
reduced shrinkage stresses and better marginal 
integrity than the other tested composites.

MATERIAL AND METHODS
 
The materials used in the present study are 

depicted in Figure 1. The monomers UDMA, TEGDMA 
(Essthec, Inc. Essington, PA, USA) and POSS (Hybrid 
plastics, Inc., Fountain Valley, CA, USA) were used as 
received. The POSS molecule used was methacryl-
POSS, which has organic methacrylate functional 
groups attached at the eight corners of the SiO 
cage. 0.6 wt.% of camphorquinone and 1.2 wt.% 
of ethyl N, N-dimethyl-4-aminobenzoate (EDMAB, 
Aldrich Chemical Company, Inc., Milwaukee, 
WI, USA) were incorporated as photosensitizer 
and reducing agents. The inorganic phase of the 
materials was composed of 70 wt.% of silanized 
barium borosilicate particles with an average size 
of 0.7 μm (Essthec, Inc. Essington, PA, USA). All 
the components (monomers, ller particles and 
photosensitizers) were weighed using an analytical 
balance (AUW 220D, Shimadzu, Tokyo, Japan) and 
mixed in a dual centrifuge (150.1 FVZ SpeedMixer 
DAC, FlackTek Inc., Herrliberg, Germany). The 
monomers were mixed to make neat UDMA-
TEGDMA and UDMA-TEGDMA-POSS matrixes. Then, 
the photosensitizer and the reducing agent were 
added to the neat matrixes and centrifuged at 
1300 rpm for 1 min. Finally, the ller particles were 
incorporated and the mixture was homogenized at 
2400 rpm for 2 min.

The resin composites P90, a commercially 
available low shrinkage material based on silorane 
molecule, and TPH3, a traditional methacrylate 
composite, were used as positive and negative 
controls, respectively.

All the specimens used in the present study were 
photoactivated with a quartz-tungsten-halogen 
unit (Optilux 501, Demetron Danburry Inc., USA), 
using an irradiance of 650 mW/cm2 for 40 s (radiant 
exposure of 26 J/cm2).

Volumetric polymerization shrinkage 
(%VS)

The %VS was measured using a video-imaging 
device (AcuVol, Bisco Inc., Schaumburg, IL, USA)15. 
Five specimens of each uncured composite, with 
a volume of 10 L, were manually manipulated 
into a semispherical shape and placed on a te on 
(polytetra uoroethylene) rotational pedestal inside 
the AcuVol chamber and in front of the CCD camera 
from the equipment. After 5 min, the specimens 
were photoactivated with the tip of the light-curing 
unit positioned 1 mm above the specimen. The %VS 
was measured 5 min after photoactivation. The data 
were processed by the AcuVol software.

Polymerization shrinkage stress (Pss)
The Pss was measured using a Pss device 

(ODMT03d, Odeme Biothecnology, Joaçaba, 
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SC, Brazil) xed to a universal testing machine 
equipped with a load cell of 50 N (EMIC DL-2000; 
São José dos Pinhais, PR, Brazil). Two polymethyl 
methacrylate rods (2.0 mm in diameter and 20 
mm in length, high compliance system) had one 
of their at surfaces ground with 180 SiC paper, 

treated with methyl methacrylate (Jet, Clássico 
Artigos Odontológicos, São Paulo, SP, Brazil) for 10 
s and coated with the speci c adhesive system for 
each composite (Table 1). The rods were attached 
to the lower and upper clamps of the Pss device, 
maintaining a distance of 2 mm between the at 

Material Composition Adhesive system Mode of application
TPH3

Bis-GMA; Bis-EMA; 
TEGDMA

Primer was applied on the cavity 
surface for 20 s and then gently 
air dried. The bond was applied, 

gently air dried and photoactivated 
for 10 s.

(TP3) Filler (75 wt.%): BaAlBSi; 
BaFAlBSi; highly dispersed 
silicon dioxide (0.02 - 1 μm)

Filtek P90 Matrix: 3, 4-epoxy 
cyclohexyl cyclopolymethyl 

siloxane

Self-etching bond P90 – 
AP90

Primer was applied for 10 s, gently 
air dried, and light cured for 10 s. 

Bond was applied, air thinned, and 
photoactivated for 10 s. 

(P90) Filler (76 wt.%): silanized 

- 5μm)

B Matrix: 70 wt.% UDMA, 30 
wt.% TEGDMA 

Primer was applied on the cavity 
surface for 20 s and then gently 
air dried. The bond was applied, 

gently air dried and photoactivated 
for 10 s.

Filler: 70 wt.% of silanized 
barium borosilicate particles 
with an average size of 0.7 

μm

P25 Matrix: 45 wt.% UDMA, 30 
wt.% TEGDMA, 25 wt.% 

POSS

Primer was applied on the cavity 
surface for 20 s and then gently 
air dried. The bond was applied, 

gently air dried and photoactivated 
for 10 s.

Filler: 70 wt.% of silanized 
barium borosilicate particles 
with an average size of 0.7 

μm

Figure 1- Materials used in the present study

Composite %VS Pss – MPa %MI
B 4.8C±0.2 3.9B±0.3 96.9A,B±0.4

P25 4.9C±0.2 3.6B±0.4 93.2B±0.4

TP3 3.2B±0.1 2.8A±0.4 98.3A±0.3

P90 1.4A±0.1 2.3A±0.4 100A±0.0

In each column, values with identical letters are similar (Tukey HSD, p>0.05)

Table 1- Means±standard deviations of %VS, Pss and %MI
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treated surfaces2. The composite was inserted 
between the at treated surfaces, in the shape 
of a cylinder, following the perimeter of the rods 
(C-Factor: 0.5) and photoactivated at a distance of 
2 mm from its lateral. Specimen height was kept 
constant by the feedback from an extensometer 
(2630-101, Instron, Norwood, MA, USA) attached 
to the polymethyl methacrylate rods. The composite 
contraction force was monitored for 10 min after 
photoactivation, and the Pss (MPa) was obtained 
by dividing the maximum force value (N) by 3.14 
( r2), (n=5).

Marginal integrity (%MI)
Ten human molars free of caries, defects and 

cracks were cleaned and immersed in a 1% aqueous 
solution of chloramine for seven days, rinsed 
and frozen in distilled water until use. The roots 
were removed and the crowns were sectioned in 
a buccal-lingual direction to produce two halves. 
The mesial and distal surfaces of the teeth were 
attened using 600 SiC paper (DPU 10, Struers, 

Denmark) until enamel surfaces with an area of 
4.0 mm x 4.0 mm were produced (MPI/E-101, 
Mitutoyo, Tokyo, Japan). One class I cavity (Ø
=4.0 mm and h=2.0 mm) was prepared on each 
at enamel surface using a cylindrical diamond 

bur ( 3053, G Sorensen, SP, Brazil) attached 
to a standardized cavities device (LABiom-R, UFF, 
Niterói, RJ, Brazil) under copious water-cooling. The 
tooth halves with cavities were randomly divided 
into four groups (n=5) according to the composite 
used for the restorations.

The cavities were washed with distilled water, 
dried with tissue paper and hybridized with the proper 
adhesive system, following the manufacturers’ 
instructions (Figure 1). After applying the respective 
adhesive system, the cavities were bulk restored 

and the composite was photoactivated from the 
occlusal surface. The specimens were then stored 
for seven days in distilled water at 37°C, immersed 
in 1% methylene blue solution for 2 h, rinsed with 
distilled water and air-dried.

The analysis of %MI was carried out using 
a stereomicroscope (Olympus SZ61, Olympus 
Corporation, Tokyo, Japan) equipped with a digital 
camera (Color view, Olympus Corporation, Tokyo, 
Japan). First, images of each restorative surface 
were captured at 40 magni cation. After that, the 
digitalized images were analyzed using the Image 
J software (National Institute of Mental Health, 
Bethesda, USA)1,28. The %MI was calculated as the 
ratio of the stained cavity interface to the entire 
cavity perimeter by using the following formula:

where MI is the margins without gaps and r is 
the radius of the cavity.

In order to con rm the %MI obtained using 
stereomicroscopy, speci c areas of the specimens, 
where gaps were more stained by the methylene 
blue solution, were analyzed under scanning 
electron microscope (SEM). The specimens were 
mounted in a charge reduction sample holder and 
observed under SEM (PhenomProX, PhenomWorld, 
Eindhoven, The Netherlands) operating in the 
backscattered mode, in a low vacuum environment. 
The SEM images were taken at a magni cation of 
X2500.

Additionally, the specimens were embedded in 
epoxy resin and sectioned through the center of the 
restorations (Isomet 1000 Precision Saw, Buehler, 
Lake Bluff, IL, USA). The surfaces obtained were 
wet-polished with 600, 1200 and 4000 SiC papers, 
ultrasonicated for 5 min and submitted to internal 

Figure 2- Plot of Pss (MPa) vs. time (0 – 600 s) for the materials tested
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gap evaluation at X40 magni cation (Olympus 
SZ61, Olympus Corporation, Tokyo, Japan).

Statistical analysis
The data obtained were analyzed using 

Statgraphics Centurion XVI software (STATPOINT 
Technologies, Inc, USA). Initially, the normal 
distribution of errors and the homogeneity of 
variances were checked by the Shapiro-Wilk’s test 
and Levene’s test. Based on these preliminary 
analyses, the data for each variable (%VS, SS and 
%MI) were individually analyzed using one-way 
ANOVA and Tukey’s HSD post hoc test. The data 
were also submitted to linear regression analysis: 
Pss vs. %VS and %MI vs Pss. All analyses were 
performed at a signi cance level of =0.05.

RESULTS

Table 1 summarizes the results of %VS, Pss and 
%MI. P90 presented the lowest %VS, followed by 
TP3, whereas the experimental composites B and 
P25 presented similar and higher %VS (p<0.05).

Regarding Pss, P90 and TP3 presented similar 
and lower values than B and P25, which were not 
statistically different from each other (p>0.05). 
Figure 2 shows representative plots of Pss (MPa) 
vs. time (0 - 600 s) for each composite tested. The 
differences in behavior among the materials were 
remarkable.

With respect to %MI, the highest values were 
presented by P90, TP3 and B, without signi cant 
differences among them (p>0.05). The lowest %MI 
was presented by P25, although its value was not 
statistically different from that of B. Figure 3 shows 

Figure 3- Representative optical microscopy images of cavities restored with the four resin composite: B (AA’); P25 (BB’); 
TP3 (CC’) and P90 (DD’). RBC = resin-based composite, E = enamel, D = dentin. White arrows show gaps marked with 
methylene blue at the cavity wall-RBC interfaces. Black rectangles are areas selected for scanning electron microscope 
analysis
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representative optical microscope images of cavities 
restored with the four resin composites. Figure 4 
shows SEM images of the areas pointed out by the 
White arrows in Figure 3.

The linear regression analysis showed a strong 
positive correlation between Pss and %VS (r=0.97), 
whereas the correlation between %MI and Pss 
was found to be negative and moderate (r=-0.76) 
(Figure 5).

DISCUSSION

The results obtained by Fong, et al.10 (2005) and 
by Wu, et al.30 (2010) were one of the motivators in 
developing the present study. Those authors found 
that the replacement of Bis-GMA by POSS did not 
affect or decrease the polymerization shrinkage 
of experimental composites with binary Bis-GMA/

TEGDMA (50/50 wt.%) organic matrixes. The rst 
study used matrixes modi ed with 2; 10; 25 and 
50 wt.% of POSS, while the second employed 
replacements of 2; 5; 10; and 15 wt.%. The 
second motivator was based on the own features 
of the inorganic phase of POSS molecule (SiO1,5), a 
silsesquioxane cage that can act as a nano ller. In 
this eld, it is well established that the greater the 
ller particle content, the lower the polymerization 

shrinkage of the resin composites26, and regular 
ller particles, such as POSS, may also contribute 

to this reduction25. Another important aspect is that 
these POSS nano llers are not silanized and could 
induce less internal stress during the polymerization 
of the composite4.

In the study of Wu, et al.30 (2010), the increase 
in the POSS content from 0 to 15 wt.% reduced the 
polymerization shrinkage from 3.53% to 2.18%. 
According to these authors, this occurred because 

Figure 4- Scanning electron microscope micrographs of the areas indicated by the black rectangles in Figure 3. RBC = 
resin-based composite, E = enamel, AL = adhesive layer. White arrows show gaps at the cavity wall-RBC interfaces

Figure 5- Linear regression plots of Pss vs. %VS and %MI vs Pss
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the change in free volume inside the crosslinked 
polymer network was limited by the nanocubic 
structures of POSS. Based on this theory, it is 
reasonable to infer that the increase in the content 
of POSS could further reduce the shrinkage develop 
by the composite. This was the rationale for using 
UDMA instead of Bis-GMA in the current study. Due 
to the low viscosity of UDMA, it was possible to 
produce an experimental composite with only 30 
wt.% of TEGDMA while adding 25 wt.% of POSS. 
This low content of TEGDMA can also contribute 
to the reduction in polymerization shrinkage and 
polymerization stress of resin composites12.

The evaluation of an experimental composite 
with 25 wt.% of POSS was based on results 
obtained in our Lab (unpublished data), which 
showed that among experimental composites with 
2; 5; 10; 25 and 50 wt.% of POSS, the material 
with 25 wt.% presented the best overall results in 
terms of physical-mechanical properties (degree 
of conversion, hardness, exural strength, young’s 
modulus, water sorption and solubility).

After photoactivation, a chain of phenomena 
will take place inside the composite. Firstly, the 
0.3-0.4 nm intermolecular spaces between the 
dimethacrylate monomers of the organic matrix, 
maintained by Van der Waals forces, are reduced 
by the conversion of the C=C bonds and the 
establishment of C-C bonds with lengths of 0.15 
nm between polymer chains23,30. The result is a 
volumetric polymerization shrinkage ranging from 
2 to 5%18. This polymerization kinetic involves three 
phases: the pre-gel phase, gel point and post-gel 
phase. The pseudoplastic behavior of the organic 
matrix in the pre-gel phase is able to release the 
stresses derived from shrinkage. However, when 
the matrix reaches the gel point and suffers a 
transformation from a viscous to a rigid state, the 
relaxation of shrinkage drastically drops. Finally, 
in the post-gel phase, the mass of composite is 
fully rigid and the stresses are trapped inside the 
material. In a cavity restored with a composite 
material, these phenomena are restricted by 
the adhesion provided by the adhesive system 
previously applied on the cavity walls, and the 
stresses are transferred to the tooth wall-composite 
interface. Thus, if the bonded strength is lower than 
the stresses generated during the polymerization, 
gap formation at the tooth-composite interface will 
take place21.

P25 presented the highest %VS and Pss 
(Table 1). These results led to the rejection of 
the hypothesis of the present study. Based on the 
ndings of Wu, et al.30 (2010) these results were 

somewhat surprising. The own structure of POSS, 
however, can be used to explain this behavior. In 
other words, it is reasonable to claim that the eight 
methacrylate terminations at the corners of the 

silsesquioxane cage of POSS increased the C=C 
bonds to volume ratio that were broken during P25 
photoactivation, and led to a higher packing density 
in the formed polymeric network7. Moreover, these 
methacrylate groups may have also developed a 
highly heterogeneous crosslinking network, which 
could have increased the shrinkage stress inside 
the material. Furthermore, “non-silanized POSS 
nano llers  did not contribute to less internal stress 
in P25. It is possible that in the post-gel phase, the 
POSS cages anchored into the crosslinking network 
and hindered the mobility of the polymeric chains, 
thereby generating greater internal stress in the 
polymeric network.

Even without POSS incorporation, B presented 
%VS and Pss values statistically similar to P25. 
This behavior can be related to the presence of 30 
wt.% of TEGDMA in this experimental composite. 
TEGDMA is a low molecular weight monomer that 
can negatively affect polymerization shrinkage from 
two paths. First, the low viscosity of TEGDMA allows 
this monomer to ow easily, thereby increasing the 
matrix mobility12. Second, the greater amount of 
C=C bonds to volume ratio may increase the degree 
of conversion and produce a high packing density 
in the matrix. These concepts agree with previous 
studies, which indicated that low Bis-GMA: or 
UDMA:TEGDMA ratios increased the polymerization 
shrinkage of experimental composites12,13.

The %Vs and Pss are dynamic phenomena 
strongly in uenced by the ller loading25,26 and the 
type of monomers present in resin composite’s 
organic matrix22,24. TP3 (75 wt.%) and P90 (76 wt.%) 
present similar ller loading (Figure 1). Considering 
this, it is reasonable to infer that their %VS and 
Pss were in uenced more by their organic matrixes 
than by ller particles. TP3 presented intermediary 
%VS and Pss. Although the exact content of the 
monomers present in its organic matrix is unknown, 
we can infer that the higher molecular weight and 
viscosity of Bis-GMA and Urethane modi ed Bis-
GMA in uenced these results24. The best behavior 
in terms of %VS was presented by P90 (Table 1), 
which agrees with previous studies16,19. P90 has an 
organic matrix based on silorane monomer, whose 
polymerization involves a cationic ring-opening 
reaction that compensates the shrinkage developed 
during the formation of the polymeric network15,29. 
On the other hand, the Pss of P90 (2.3 MPa) was 
not statistically different from that of TP3 (2.8 MPa). 
Pss is a complex phenomenon3, not only dependent 
on shrinkage but also on the elastic modulus of the 
material20. In other words, the higher the stiffness, 
the greater the Pss developed during the composite 
polymerization. Analyzing several low-shrinkage 
composites, Boaro, et al.2 (2010) demonstrated that 
P90 developed the highest polymerization stress, 
even presenting the lower volumetric shrinkage, 
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and explained this nding based on the high initial 
exural modulus of P90. Thus, it can be assumed 

that the exural modulus of P90 in uenced its 
Pss in the present study. The signi cant positive 
correlation between polymerization stress and 
exural modulus presented in the study of El-

Damanhoury and Plat5 (2014) may reinforce this 
possibility.

Marginal integrity is one of the most crucial 
aspects involved in the clinical longevity of resin 
composite restorations14. Thus, in vitro evaluations 
of this response may contribute to predict the clinical 
behavior of composite restorative materials13. The 
Class I cavity model used in the present study 
represents the worst C-factor scenario regarding the 
development of Pss in resin composite restorations8. 
This cavity model was used in an endeavor to 
subject the composites to a hard test condition.

P25 presented the worst %MI (Table 1). This 
aspect is proved in Figure 3, in which the presence 
of stained gaps is remarkable in the cavity restored 
with this experimental composite. Moreover, the 
SEM analysis of the selected areas in each cavity 
(black rectangles) con rmed this nding (Figure 
4). Additionally, B also presented the worst %MI. 
In agreement with previous studies13,21, the strong 
positive correlation found between %VS, and Pss 
and the negative correlation observed between Pss 
and %MI (Figure 5) reinforce the explanation that 
these phenomena are connected and could explain 
these ndings regarding %MI.

Most of the internal gaps in the current study 
were observed at the axiopulpal angles (Figure 3 A’; 
B’ and C’). This nding agrees with those of Souza-
Junior, et al.28 (2011) and clearly demonstrates the 
competition between bond strength and Pss in this 
area. P90 was the only material that presented 
100% of marginal integrity (Table 1). This nding 
can be explained by the lowest values of %VS and 
Pss presented by this composite.

Although the experimental composite with POSS 
did not improve the marginal integrity in the present 
study, future studies should be conducted to analyze 
the in uence of other types of POSS molecules 
(epoxides, for example) concerning this response.

CONCLUSIONS

Within the limitations of this investigation, the 
addition of 25 wt.% of POSS in a methacrylate 
organic matrix did not reduce the volumetric 
polymerization shrinkage and the shrinkage stress, 
and it did not improve the marginal integrity 
of restorations. Filtek P90 showed the lowest 
polymerization shrinkage.
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