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Water sorption and solubility of bulk-fill 
composites polymerized with a third 
generation LED LCU

Abstract: The aim of this study was to compare the degree of water 
sorption and solubility in bulk-fills after curing with a polywave light 
source. A total of 120 disc-shaped specimens (8 mm diameter; 4 mm 
depth) were prepared from three regular bulk-fill materials (X-tra Fil, 
Tetric N-Ceram Bulk Fill, SonicFill), and a control material (Filtek Z250), 
cured in 3 different modes (standard: 1000 mW/cm2-20 s; high power: 
1400 mW/cm2-12 s; xtra power: 3200 mW/cm2-6 s) using a third generation 
light-emitting diode light curing unit. Water sorption and solubility 
levels of the specimens were measured according to the ISO 4049:2009 
specification after storing in distilled water for 30 days. Data were analyzed 
using two-way ANOVA and Tukey’s post-hoc test (p < 0.05). The Z250 
sample exposed to high power presented a higher sorption compared to 
the X-tra Fil and SonicFill samples. In xtra power mode, the values of Z250 
and SonicFill were similar to each other and higher compared to those of 
X-tra Fil. Only SonicFill exhibited significantly different sorption values 
depending on the curing mode, the highest of which was achieved when 
using the xtra power mode. The highest solubility values were obtained for 
SonicFill. No statistically significant differences were found among other 
groups. No significant correlation was detected between water sorption 
and solubility. The traditional composite group exhibited a higher water 
sorption values than the bulk-fills. The reduction in polymerization time 
significantly increased the sorption of SonicFill. SonicFill showed the 
highest water solubility value among the composites tested.

Keywords: Composite Resins; Curing Lights, Dental; Absorption; Solubility.

Introduction

Along with the recent advances in dental materials and clinical 
techniques, resin composites have become the most widely-used direct 
restorative materials to satisfy patients’ aesthetic demands for the 
restoration of dental caries, crown fractures, congenital defects, and 
tooth wear.1 On the other hand, conventional composite resins have the 
disadvantages of a limited penetration depth of light2 and an observed 
structure shrinkage rate of 2–5%3. Polymerization shrinkage generates 
stress at the tooth-composite interface. Thus, when shrinkage stress exceeds 
bond strength, debonding occurs at the interface. As a result, a number of 
clinical problems, such as microleakage, secondary caries, discoloration 
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and postoperative sensitivity may arise.4 In order to 
minimize the volumetric polymerization shrinkage, 
so to reduce stress at the tooth-composite interface5 
and achieve better mechanical properties along with 
adequate light penetration,2 an incremental technique 
is needed, in which the composite is layered and light 
cured in increments of less than 2 mm. However, the 
incremental technique has a number of drawbacks, 
which include bond failures between increments due 
to contamination, the creation of voids, the more time 
required to place and polymerize each layer, and 
the difficulty in placement because of limited access 
during the conservative preparations.6

In an attempt to overcome problems stemming 
from the layering technique and to simplify the 
restoration process, manufacturers have worked to 
develop a composite resin that can be placed in bulk 
with an increased curing depth. For this purpose, 
a new resin-based composite material, bulk-fill 
composite, has been introduced to the market in 
recent years. Manufacturers claim that bulk-fills can 
be cured in thick increments of up to 4 or 5 mm in 
each step, with a lower polymerization shrinkage 
stress compared to conventional composite resins. 
As mentioned earlier, the main advantage of using 
bulk-fills is the possibility of increasing the curing 
depth; this is achieved by a higher translucency, 
resulting either from decreased filler load or increased 
filler size, which limits light scattering. The low 
shrinkage stress is due to modifications to the organic 
matrix and/or filler content.7

Bulk-fill composites are classified into two types, 
according to their mechanical properties and the 
application technique used, namely low-viscosity 
and regular bulk-fills. Low-viscosity bulk-fills are 
designed as a base material and require the placement 
of a final capping layer made of a regular composite 
material because of their low surface hardness and 
elasticity modulus. Regular bulk-fills do not need an 
additional capping layer and can be used as a single-
step filling material.5,8

With the spread of photopolymerizable dental 
composites, significant advances have been made 
in light curing units (LCUs) used in polymerization 
processes. Recently, the incorporation of different 
photoinitiators has led to the development of third 

generation polywave LED LCUs.9 Blue-violet LED 
curing units with high irradiance are proving to be 
promising for the fast polymerization of modern resin 
composites. Although there is no general consensus 
on the adequate radiant exposure a material needs 
for proper polymerization, the irradiance of modern 
curing units continues to increase, in agreement with 
the claim that an adequate polymerization might be 
reached at short exposure times and high irradiances.10 
The third generation LED used in the present study 
provides shorter exposure times, depending on the 
chosen operating mode and therefore irradiances.11 
The compatibility of the different modes of operation of 
these LCUs with bulk-fills has not yet been confirmed. 

There is also concern that the product of the 
polymerization reaction carried out at short exposure 
time at high radiant exitance may be characterized by 
having short chains, with low molecular weight and 
fewer cross links.12 Cross linking provides a sufficient 
number of bridges between linear macromolecules to 
form a three-dimensional network, decreasing water 
sorption and solubility. This study, therefore, evaluated 
the effectiveness of third generation LED LCUs on 
the polymerization of current bulk-fills using water 
sorption and solubility tests as significant parameters.

The null test hypothesis was that there would be 
no significant difference between regular bulk-fill 
composite groups and the conventional composite 
group with regard to the degree of water sorption 
and solubility after polymerization using the third 
generation LED LCU at different curing modes.

Methodology

The three regular bulk-fill composites were used 
in the study, were X-tra Fil (Voco), Tetric N-Ceram 
Bulk Fill (Ivoclar Vivadent), and SonicFill (Kerr). Filtek 
Z250 (3M ESPE), a microhybrid composite resin, was 
used as a control group. Table 1 provides details of 
the materials. A third generation LED LCU (VALO, 
Ultradent) was used for polymerization.

Disc-shaped specimens, 4 mm thick and 8 mm 
in diameter, were prepared using Teflon molds. 
The specimens were divided into four main groups, 
depending on the resin composite used. All groups 
were then divided into three subgroups, defined on 
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the basis of the light source adopted. A total of 120 
samples (n=10 for each group) were prepared. Details 
of the study groups are shown in Table 2. 

Samples were prepared by applying bulk-fills in 
one step, whereas the conventional composite was 
applied in the mold as two 2-mm-thick layers. After 
filling each mold with the material and covering it 
with a matrix strip (Hawe Stopstrip, Kerr), the top 
of the material was compressed using a glass slide. 
The top surface of the specimens was then light-
cured, placing the light tip in contact with the glass 
slide to standardize the curing distance.

According to the manufacturers’ instructions11, the 
bulk-fill composites were light cured once for 20 s in 
standard mode, 3 times for 4 s in high power mode, 
and twice for 3 s in xtra power mode. When using 
the conventional composite resin, polymerization 
was carried out as follows: the first layer was cured 
once for 10 s in standard mode, twice for 4 s in high 
power mode, and once for 3 s in xtra power mode; 
the second layer was cured once for 20 s in standard 
power mode, three times for 4 s in high power mode, 
and twice for 3 s in xtra power mode. Curing modes 
and times are shown in Table 3. The LED LCU was 
used fully charged and the value specified by the 
manufacturer was used in subsequent calculations.

The total radiant exposure (mJ/cm2) applied to the 
composite resins was determined by multiplying the 
radiant exitance (mW/cm2) by the exposure time (s), 
as shown below:

standard mode = 1,000 х 20 = 20 J/cm2

high power mode = 1,400 х 12 = 16.8 J/cm2

xtra power mode = 3,200 х 6 = 19.2 J/cm2

Table 1. Materials tested.

Materials Resin matrix Filler Filler content (wt.%) Shade Manufacturer & Lot no.

FiltekTM Z250
Bis-GMA, Bis-EMA, 
UDMA, TEGDMA

zirconium/silica 82 A2
3M ESPE,St Paul, 

MN, USA N602029

Tetric® N-Ceram 
Bulk Fill

Bis-GMA, Bis-EMA, 
UDMA

Ba glass, PPF, YbF3, 
oxide

75-77 IVA
Ivoclar Vivadent, 

Schaan, Liechtenstein              
T14296

X-tra fil
Bis-GMA, UDMA, 

TEGDMA
Ba-B-Al silicate 86 U

VOCO, Cuxhaven, 
Germany1447376

SonicFillTM Bis-GMA, 
TEGDMA,Bis-EMA

SiO2, glass, oxide 83.5 A2
Kerr, Orange, CA, 

USA 35183

Bis-GMA: bisphenol-A-glycidyldimethacrylate; Bis-EMA: ethoxylated bisphenol-A-dimethacrylate; UDMA: urethane dimethacrylate; TEGDMA: 
triethyleneglycol dimethacrylate; PPF: prepolymerized fillers. Other abbreviations according to periodic system of elements. Data are provided 
by manufacturers.

Table 2. Study groups.

Groups
Subgroups 

according to modes
Number of sample

 Z250 (control)

standard 10

high power 10

xtra power 10

X-tra Fil

standard 10

high power 10

xtra power 10

Tetric N-Ceram

standard 10

high power 10

xtra power 10

SonicFill

standard 10

high power 10

xtra power 10

Table 3. Curing modes and exposure times.

LCU/ Manufacturer
VALO/Ultradent Products Inc., 

South Jordan, UT, USA

Mode Standard High power Xtra power

Irradiance (mW/cm2) 1,000 1,400 3,200

Conventional composite

first layer 1 × 10 s 2 × 4 s 1 × 3 s

second layer 1 × 20 s 3 × 4 s 2 × 3 s

Bulk-fill composites

single layer 1 × 20 s 3 × 4 s 2 × 3 s
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Measurement of water sorption and 
solubility values

The sorption and solubility tests were performed 
in compliance with the ISO 4049:2009 standards. 
The specimens were inserted into a desiccator 
containing freshly dried white silica and maintained 
at 37±1°C for 22 h and at 23±1°C for 2 additional 
hours. Specimens were then weighed to an accuracy 
of 0.0001 g, using an analytical balance (Precisa XB 
220A, Zurich, Switzerland). This cycle was repeated 
until the mass loss of each specimen was lower than 
0.1 mg in any 24 h period. This constant mass, M1, 
was taken as the initial mass of the specimen and 
was expressed in micrograms (μg). After final drying, 
the thickness and diameter of each specimen were 
measured using a digital caliper (C-master, Mitutoyo, 
Tokyo, Japan) and the average volume (V) of samples 
was calculated in cubic millimeters (mm3).

Each specimen was immersed in distilled water 
for 30 days at 37±1°C and kept in an oven. After 
completing the storage period, the specimens were 
removed, gently dried with absorbent paper, and 
weighed again to obtain the mass M2. Thereafter, 
the specimens were reconditioned in the desiccator 
until they reached a constant weight (M3) using the 
same cycle described for M1. The values for water 
sorption (Wsp) and solubility (Wsl), expressed in 
micrograms per cubic millimeter, were calculated 
using the following formulae: Wsp = (M2 – M3) / V ; 
Wsl = (M1 – M3) / V.

Statistical analysis
The mean Wsp and Wsl values of different materials 

were compared using two-way ANOVA, followed by 
Tukey post-hoc analysis for multiple comparisons. 
Pearson’s correlation test was used to assess the 
relationship between Wsp and Wsl values. p < 0.05 
was considered to indicate statistical significance.

Results

Table 4 presents the results for Wsp. Two-way 
ANOVA defined the statistical significance of the 
two main factors: resin composite (p < 0.001) and 
curing mode (p=0.001), as well as for the interaction 
between the two ( p= 0.004). The comparison of the 

same composite group at different curing modes 
showed that only SonicFill exhibited significantly 
different Wsp values depending on the curing mode 
and reached the highest value when using the xtra 
power mode (p < 0.001). When composites treated 
with the same curing mode were compared, it was 
found that Z250 exposed to the high power mode 
presented a higher sorption value than X-tra Fil and 
SonicFill (p < 0.001). The sorption values of Z250 and 
SonicFill exposed to xtra power mode were similar 
and higher than that of the X-tra Fil (p = 0.007 and 
p = 0.016, respectively). When using the standard 
mode, the composite groups did not differ from each 
other (p = 0.243).

The results for Wsl are shown in Table 5. Two-way 
ANOVA detected a significant influence for only one 
of the main factors: resin composite (p < 0.001). On the 
other hand, the curing mode (p = 0.205) and interaction 
(p = 0.408) were shown to not be significant. According 
to overall averages of composite groups, SonicFill 
exhibited the highest solubility values (p < 0.001). 
There was no significant difference between X-tra 
Fil, Z250 and Tetric N-Ceram (p = 0.484). Also, the 
behavior of composites was the same, irrespective 
of the curing modes.

There was no correlation between Wsp and Wsl in 
the tested materials (r = −0.003, p = 0.974). 

Discussion

The oral cavity is a dynamic environment. 
Restorative materials are expected to function 
effectively for a long time in the oral environment, 
where they are exposed to moisture, variable 

Table 4. Means and standard deviations (±sd) of Wsp in μg/mm3.

Groups
Curing modes (mean ± sd)

standard high power xtra power 

Z250 13.95 ± 1.81 A,B 18.81 ± 5.77 A 18.15 ± 4.52 A

X-tra Fil 11.34 ± 2.16 B 12.02 ± 2.34 B 11.61 ± 2.31 B

Tetric 
N-Ceram

13.54 ± 1.41 A,B 15.10 ± 4.87 A,B 14.26 ± 2.57 A,B

SonicFill 10.67 ± 3.05 B 11.14 ± 4.07 B 17.71 ± 5.56 A

Superscripts represent the statistical significance. Means followed by 
the same letters are statistically similar.
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temperature conditions, and repetitive mechanical 
forces.13,14 However, resin composites are not stable 
even after polymerization and constantly interact 
with their environment. The main interaction is with 
water, which diffuses into the matrix.15 

Polymers absorb water to different degrees, 
depending on their microstructural and molecular 
aspects. The degree of water sorption is influenced by 
the polarity of the molecular structure, the presence of 
hydroxyl groups capable of forming hydrogen bonds 
with water, and the degree of cross linking in the 
continuous matrix.14 The uptake of water may result 
in an expansion of the gap between polymer chains, 
depending on the degree of cross-link density in its 
structure. This allows free unreacted components 
trapped in the polymer network to diffuse out, into 
the storage solvent, depending on their molecular 
size and affinity towards the aqueous solvent.16,17 The 
solubility behavior of dental materials is affected 
by the type of storage medium and the immersion 
period. When the previous factors are standard, 
behavior will also be affected by the type, rate, 
and surface area of the filler used, the particular 
silane treatment, the difference in the monomer 
structure, and the degree of cross linking.18 Residual 
monomers, fillers, degradation products or inhibitors 
and activators of polymerization are therefore able 
to leach out from cured resin-based materials. As a 
result, water sorption and solubility have a significant 
effect on the clinical success of restorative material, 
influencing the aesthetic appearance, integrity, and 
surface properties.14 

According to the ISO 4049 standard, the Wsp 
and Wsl values must be lower than 40 μg/mm3 and 
7,5 μg/mm3, respectively.19 The Wsp and Wsl values 

obtained in this study using the standard formula 
were considerably lower than the threshold values 
for all composites tested. When we examined these 
values, for all composite groups and irradiation 
protocols, it was found that the highest Wsp value 
was obtained by Filtek Z250 in high power mode 
(18.81 ± 5.77 μg/mm3), whereas the SonicFill group 
showed the highest Wsl value when treated in xtra 
power mode (1.61 ± 0.46 μg/mm3). 

Wsp values had a negative correlation with the 
amount of filler content, in line with previous studies.20 
X-tra Fil, which had the highest filler rate, had the 
lowest Wsp value, followed by SonicFill, Tetric N-Ceram 
Bulk Fill, and Filtek Z250, respectively. This situation 
can be explained by the fact that the polymeric matrix 
decreases as the weight percentage of filler increases, 
with a consequent decrease in water sorption, which 
is mainly associated with the polymeric phase.17 
Oysaed and Ruyter13 examined the characteristics 
of eight different composites and reported that Wsp 
and Wsl values decrease as the filler ratio increases. 
At the same time, with a large filler surface area, the 
presence of voids in the structure causes an increase 
in sorption. 

On the other hand, although it contains a lower 
filler loading, Tetric N-Ceram Bulk Fill contains some 
prepolymerized fillers,21 unlike the other materials 
used in this study. This feature may have conferred 
to Tetric N-Ceram similar water sorption properties 
as Filtek Z250. 

The total energy transmitted to the resin has 
an effect on the degree of cure and is calculated 
by multiplying radiant exitance with exposure 
time.12,22,23,24The degree of conversion is an another 
factor that has an impact on water sorption.17 When 

Table 5. Means and standard deviations (±sd) of Wsl in μg/mm3.

Groups
Curing modes (mean ± sd) Material average  

(mean ± sd)standard high power xtra power

Z250 -2.75 ± 1.48 -2.70 ± 0.67 -2.45 ± 0.69 -2.63 ± 0.99 b

X-tra Fil -2.50 ± 0.73 -2.65 ± 0.57 -2.55 ± 0.38 -2.57 ± 0.56 b

Tetric N-Ceram -2.64 ± 1.01 -3.17 ± 1.66 -2.96 ± 0.65 -2.93 ± 1.16 b

SonicFill 0.57 ± 1.11 0.62 ± 1.29 1.61 ± 0.46 0.94 ± 1.10 a

Curing mode average -1.83 ± 1.77 -1.97 ± 1.88 -1.59 ± 1.96 -1.80 ± 1.86

Superscripts represent the statistical significance. Means followed by the same letters are statistically similar.
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the composite groups were examined individually 
at different curing modes, the highest Wsp values 
were obtained when applying the high power mode 
(1,400 mW/cm2-12 s) to Filtek Z250, X-tra Fil and Tetric 
N-Ceram Bulk Fill. The higher water sorption values 
observed at high power mode may be related to the 
low radiant exposure values (16.8 J/cm2) delivered 
to materials. However, the difference between Wsp 

values at different modes of these composites was 
not statistically significant. On the other hand, a 
significantly higher Wsp value was obtained at xtra 
power mode for the SonicFill group, although the 
radiant exposure obtained (19.2 J/cm2) was very close 
to the one achieved in the standard mode (20 J/cm2). 
This supports the concern of Rueggeberg12 that a short 
exposure time at high radiant exitance may result in 
the formation of short chains, which contain fewer 
cross links. Peutzfeldt and Asmussen24 have also 
pointed out that the degree of cure increases with 
increasing radiant exposure, but decreases with 
short exposure time at high radiant exitance, despite 
achieving the same energy density. Halvorson et al.23 
concluded that the reciprocal relationship between 
radiant exitance and exposure duration is invalid 
when exposure time is short. The higher sorption 
value at xtra power mode in comparison with the 
standard mode for SonicFill can be explained with 
the results of these previous studies. Furthermore, 
Filtek Z250 showed higher sorption values when 
exposed to high and xtra power mode compared to 
the other composites. This may be related to the low 
radiant exposure value delivered to the first layer 
of Filtek Z250 because of the different application 
methods adopted for the conventional composite 
and bulk-fills.

Water sorption and solubility studies have generally 
revealed that Wsp and Wsl values change in the same 
way.25 Many researchers16,18,26 have determined that 
materials with low sorption demonstrate low solubility. 
Some studies, however, suggest that materials with 
high water sorption do not necessarily demonstrate 
high solubility,27 as shown here. 

In this study, filler content does not have the same 
effect on solubility while maintaining an important role 
in sorption. In addition, the solubility values obtained 
for composites do not depend only on resin structure 

or filler content. The main components released from 
a resin composite are free residual monomers.14 The 
amount of leachable residual monomers is highly 
dependent on the degree of cure. Consequently, a 
higher curing degree leads to a lower number of 
unreacted monomers and a lower solubility level.16 The 
molecular size of the monomer is an another important 
factor in the dissociation of residual monomers, as 
the smaller molecules will decompose faster. Lower 
weight monomers can be decomposed in greater 
amounts than higher weight monomers.28 TEGDMA 
is a low molecular weight monomer, which shows 
high mobility and decomposes more quickly than 
larger molecules, such as Bis-GMA.29 In our study, 
all composites, with the exception of Tetric N-Ceram 
Bulk Fill, contain TEGDMA in the organic matrix 
structure. Filtek Z250 also has a small amount of 
TEGDMA in the structure. The results of the present 
study also showed that the Wsl value was lowest in 
Tetric N-Ceram Bulk Fill, followed by Filtek Z250, X-tra 
Fil, and SonicFill. In addition, the differences between 
the composite groups were not significant, with the 
exception of SonicFill, which showed the highest 
solubility value. Moreover, the behavior of composites 
was the same, irrespective of the curing modes. These 
outcomes are compatible with the results reported 
by Ilie and Stark10, who observed that to maintain 
the mechanical properties at a 4-mm depth, a higher 
radiant exposure is required by SonicFill compared to 
the other bulk-fills. The importance of light intensity 
and efficiency increases with the increasing depth 
of resin in photopolymerizable dental composites.22 

When researchers investigated the amount of radiant 
exposure required for adequate polymerization, 
they reported that SonicFill reflected light with low 
translucency10. This characteristic could explain the 
high solubility value of the material and has been 
justified in terms of the irregular shapes of the fillers 
in its structure. It has also been suggested that the 
difference in translucency between polymerized and 
unpolymerized materials was very low in this material, 
indicating that the reduced light transmission is caused 
by the mismatch between the refractive index at the 
matrix-filler interface.30

In this study, negative Wsl values were obtained 
for all groups, except for the SonicFill. Considering 
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the possibility of incomplete dehydration of the 
materials, these negative values may be indicative 
of a low level of solubility rather than the complete 
absence of dissolution. Negative solubility results 
have also been reported in other studies.18,31,32 In some 
studies, these negative values have been explained by 
possible hydrolytic chemical reactions that result in the 
formation of metal hydroxides on the filler surface.18 
In other studies, it has been suggested that negative 
values may be the result of hydrogen bonds connecting 
the absorbed water molecules to polar groups of the 
polymer chains, which cannot be removed entirely.31,32 

As a result, Filtek Z250 showed higher water sorption 
values in all curing modes when compared with bulk-
fill composites. In terms of water solubility, the SonicFill 
bulk-fill composite showed the highest value among 
the groups, so that the null hypothesis was rejected. 

Conclusion

Within the limitations of this study, the following 
conclusions can be drawn:

a.	 Water sorption and solubility values are 
affected by the filler ratio and type of resin 
matrix, regardless of the composite type. 
The regular bulk-fills used in this study 
exhibited significantly better properties 
compared to conventional composite in terms 
of water sorption.

b.	 When the performance of bulk-fills was 
considered, the xtra power mode for SonicFill 
resulted in the worst performance in terms 
of water sorption. In the SonicFill group, this 
was also true for solubility, irrespective of the 
curing modes. As a result, the xtra power mode 
is not considered beneficial for curing in a short 
time period, especially for SonicFill.
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