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ABSTRACT

ARTICLE HISTORY

This study evaluated monomer release and cytotoxicity of different
adhesive restoration materials used for dental restorations. The
extracts (1, 2, and 7 days) of three types of adhesive dental restoration
materials, [Quixfill (QF), Silorane Restorative (SR), and Ketac N 100
Restorative (KR)], and the adhesive resins, [XP Bond (XP), Silorane Primer
(SP), Ketac N 100 Primer (KP), and Silorane Bond (SB)] were analyzed
using high performance liquid chromatography/mass spectrometry
(HPLC-MS). The cytotoxicity levels were determined at different
time points (24, 48, and 72 h) of cell culture using 3-(4,5-dimethyl2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT) assay. All
adhesive resin materials showed monomer release at varying amounts
with the highest release after 7 days. The lowest amount of release
was observed in QF and the highest with KP. Bis-Phenol A (BPA) was
not detected in SP and KR that contain bisphenol-A diglycidyl ether
dimethacrylate (bis-GMA). Decamethylpenthasiloxane (D5) was not
eluted from SR. Except for SR and QF, all other adhesive restoration
materials showed different degrees of toxicity along with different
monomer release kinetics. The correlation between the monomer
release and cytotoxicity of the materials indicated that the cytotoxicity
of the materials increased with the monomer release (Spearman’s rho
correlation coefficient – r). The correlation after 48 h was statistically
significant (r = −0.342, p = 0.017).
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Introduction
Resin-based composite materials and amalgam are both accepted as appropriate materials
for the direct restoration of class I and II cavities in restorative dentistry. However, according
to the current dental concepts, resin composites are considered as the most suitable direct
posterior filling materials since they also allow for minimal invasive restorations.[1]
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The polymerizable matrix of resin materials usually contains one or more base monomers
such as bisphenol-A diglycidyl ether dimethacrylate (bis-GMA) and/or urethane dimethacrylate (UDMA), diluent co-monomers such as ethylene glycol dimethacrylate (EGDMA)
and/or triethylene glycol dimethacrylate (TEGDMA), and various additives such as photoinitiators (e.g. camphoroquinone), co-initiators (e.g. dimethyl-aminobenzoic-acid-ester),
polymerization inhibitors and photostabilizers (e.g. benzophenone).[2] Despite the improvements in adhesive technologies, drawbacks such as polymerization shrinkage within such
materials could not be eliminated.[3] In order to overcome the shortcomings of conventional
resin-based composites, dental siloranes have been introduced that consist of a new organic
matrix.[4] Siloranes present low polymerization shrinkage due to the ring-opening oxirane
monomer, increased hydrophobicity, and thereby increased biocompatibility compared to
the conventional resin-based composites.[5]
As an alternative to resin composites, glass ionomers are also commonly used for a number of applications such as base or liner materials, as luting cements for indirect restorations,
or as temporary or permanent restorative materials for direct restorations. Glass ionomers
present several advantages of biocompatibility, low coefficient of thermal expansion, the
ability to adhere to the moist tooth structure without necessitating an intermediate agent
that decreases the chair-side of the treatment procedure and anticariogenic properties due
to fluoride release compared to methacrylate-based resin composites. However, they have
some drawbacks such as poor polishability and less favorable mechanical properties, surface
wear, or decreased fracture resistance over time.[6] In an attempt to overcome the disadvantages of glass ionomers, different types of glass ionomers have been developed including
resin-modified glass ionomers.[7]
The application of adhesive restoration materials in dentistry has been extensively promoted over the last decade.[8] However, concerns in the dentistry over the generation
of biodegradation products have also increased and possible effects of byproducts from
composite resin matrix degradation on the function of host cells and micro-organisms are
being questioned.[9] The release of unpolymerized components from the polymerizable
resin matrix as a result of incomplete polymerization of adhesive restoration materials may
influence the biocompatibility of the restorations.[2] Consequently, the amount of monomer elution plays an important role in biocompatibility of adhesive restorative materials.
Chromatographic techniques are helpful in the analysis of compounds released from
resin-based dental fillings. The components extracted from resin-modified glass ionomers,
compomers, and resin composites could be determined using gas chromatography/mass
spectrometry (MS).[10] Unfortunately, base-monomer analysis by gas chromatography is
almost impossible due to their low volatility and decomposition at higher temperature in the
injection port of the gas chromatograph. One of the few available techniques suitable for the
analysis of high-molecular-mass compounds is high-performance liquid chromatography
(HPLC), mainly coupled with mass spectrophotometry or diode array detection.[11] Several
studies have shown the elution of different monomers such as bis-GMA, TEGDMA, and
UDMA, from methacrylate-based resin restoration materials [12] but limited information
is available on the monomer release from silorane-based restorative materials.[12–15]
By definition, cytotoxicity of an agent is the cascade of molecular events that interferes
with macromolecular synthesis, causing unequivocal functional and structural damage
in a cell culture. The interactions of the materials and their components with the cells
at a molecular level are responsible for tissue reactions such as inflammation, necrosis,
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immunological alterations, genotoxicity, and apoptosis.[16] The in vitro cytotoxicity tests
have the advantage of easy detection of the influence of a material on isolated cells growing
in culture plates.[17] A number of methods have been developed such as lactate dehydrogenase assay, bromodeoxiuridine assay [18], and fluorescence microscopy [19] in order to
investigate the cytotoxicity of dental resin materials. However, 3-(4,5-dimethyl-2-thiazolyl)2,5-diphenyl-2H tetrazolium bromide (MTT) assay is considered to be more useful to
estimate cell densities in small culture volumes and has some advantages, such as simplicity,
accuracy, reliability, and efficiency.[20]
The objective of this study, therefore, was to measure the amount of monomers released
from different types of adhesive restoration materials with different monomer types using
HPLC-MS and HPLC-Ultraviolet (UV) and to assess the cytotoxicity of these materials on
L929 mouse fibroblast cultures at different time intervals. The null hypotheses tested were
that adhesive restoration materials with different chemistry would not show significant
difference in monomer elution kinetics and in cytotoxic effect on cell cultures.

Materials and methods
Specimen preparation
Disk-shaped specimens from the tested restorative materials including etch-and-rinse adhesive system ‘XP’ (XP Bond, Dentsply De Trey, Germany), posterior hybrid composite ‘QF’
(Quixfill, Dentsply De Trey, Germany), silorane composite ‘SR’ used with its own self-etch
adhesive system including primer ‘SP’ and bond ‘SB’ (Silorane, 3 M ESPE, St. Paul, USA),
and nano-ionomer ‘KR’ applied with its own primer ‘KP’ (Ketac N 100, GC, Tokyo Japan)
were prepared (Table 1). Materials were placed in polytetrafluoroethylene (Teflon) molds
and processed according to the manufacturer`s instructions in a laminar flow chamber
(Bioair, Siziano, Italy). The etch-and-rinse adhesive system (XP), primer (SP and KP), and
adhesive resin (SB) disks were 5 mm in diameter and 1 mm in thickness and adhesive restoration materials (QF, SR, and KR) were 5 mm in diameter and 4 mm in thickness. The
adhesive restorative materials were applied in two layers, while the primers and adhesives
were applied in one layer and the surfaces of all materials were covered with a transparent strip to prevent the formation of air-inhibited surface layer. The materials were then
photopolymerized using light-emitting diode (LED, Elipar Free Light, 3 M ESPE, St. paul,
USA; Light output: 1007 mW/cm2) according to the manufacturers’ instructions (40 s for
QF, SR and KR; 20 s for XP, SP, SB, and KP). The power output of the unit was measured
with a radiometer (Cure-Rite, Dentsply-Caulk) before the placement of each restoration.
In total, 27 specimens of adhesive restoration materials and 54 specimens of primers and
adhesives were prepared.
High-performance liquid chromatography
Preparation of extracts
All specimens from material groups were divided into three subgroups (n = 9 for the adhesive restoration materials; n = 18 for primers and adhesives) according to the extraction
period (1, 2, 7 days). The extraction period was adjusted accordingly for the methyltetrazolium (MTT) test procedure. Immediately after photopolymerization, the specimens in
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Table 1. The brands, types, manufacturers, batch numbers, and chemical compositions of the adhesive
restorative materials tested in this study.
Adhesive restorative system
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adhesive restorative system
XP bond

Type of the
material
Type of the
material
Two-step etch
and rinse
adhesive
system

Manufacturer
Manufacturer

Batch number
Batch number

Chemical composition
chemical composition

dentsply, de
Trey, Konstanz
germany

0,707,000,223

carboxylic acid-modified dimethacrylate,phosphoric acid-modified
acrylate resin,urethane dimethacrylate, TegdMa,heMa, butylated
benzenediol,ethyl-4-dimethylaminobenzoate,camphorquinone,
functionalizedamorphous silica,
t-butanol
Resin: urethane dimethacrylate
(udMa);triethyleneglycol dimethacrylate (TegdMa); di- and
trimethacrylate resins; carboxylic
acid-modified dimethacrylate resin;
butylated hydroxy tolüene (BhT); uV
stabilizer, camphorquinone; ethyl-4dimethylaminobenzoateFillers: silanated strontium aluminumsodium
fluoride phosphate silicate glass
2-hydroxyethyl methacrylate (heMa)
bisphenol a diglycidyl ether
dimethacrylate (bis-gMa), water,
ethanol, phosphoric acid-methacryloxy-hexylester mixture,
silane treated silica 1,6-hexanediol
dimethacrylate,copolymer of acrylic
and itaconic acid,(dimethylamino)
ethyl methacrylate,dl-camphorquinone,phosphine oxide
substituted dimethacrylate silane
treated silica, triethylene glycol dimethacrylate (TegdMa), phosphoric
acid methacryloxy-hexylestersdl-camphorquinone 1,6-hexanediol
dimethacrylate
3,4 epoxycyclohexylethylcyclopolymethylsiloxane,bis-3,4-epoxycyclohexylethylphenylmethylsilane, silanized
glass,yittrium floride, camphorquinone
Water, heMa, acrylic/itaconic acid
copolymer, photo-initiators
Paste A: silane-treated glass, silane-treated Zro2silica, silane-treated silica, PegdMa, heMa, bis-gMa,
TegdMaPaste B: silane-treated
ceramic, silane-treated silica, water,
heMa, acrylic/itaconic acidcopolymer

Quixfill

Methacyrlate-based
hybrid posterior resin
composite

07,030,000,799

silorane primer

Primer

silorane bond

adhesive resin

20,090,220

silorane

silorane
restorative

20,090,220

Ketac n 100
Primer
Ketac n 100

nano-ionomer
primer
Photopolymerizednano-ionomer
restorative

3 M esPe,st. Paul,
usa

3 M esPe

20,090,220

20,070,917
20,070,917

each subgroup were weighed (Mettler Toledo, Colombus, USA) and, except for SR, specimens in all groups were placed separately into 10 mL of 70% methanol/water solution
(Sigma–Aldrich, St Louis, MO USA). The extracting medium for the SR groups was pure
methanol solution as it is not soluble in methanol/water solution. The specimens were
incubated for 1, 2, and 7 days at 37 °C in dark. After the incubation period, the specimens
were removed and the extracts were analyzed using HPLC.
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Table 2. Monomers, abbreviations, chemical formulas, molecular weights, and chemical structures of
the investigated adhesive restoration materials in this study.
Abbreviations
TegdMa

Chemical
formula
c14h22o6

Molecular
weight (g/mol)
286

udMa

c23h18n2o8

470

heMa

c6h10o3

130

bis-phenol a

BPa

c15h16o2

228

sMethylmethacrylate

MMa

c5h8o2

100

ethyleneglycoldimethacrylate

egdMa

c10h14o4

198

decamethylcyclopentasiloxane

d5

ch3[si(ch3)2o]
nsi(ch3)3

370

Monomers
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Triethyleneglycoldimethacrylate
1,6-bis(methacrylyloxy-2-ethoxycarbonylamino)-2,4,4-trimethylhexane
2-hydroxyethylmethacrylate

Chemical structure

Calibration procedures for HPLC analysis
The reference monomers [bis-GMA, TEGDMA, UDMA, EGDMA, HEMA (2-hydroxyethyl
methacrylate), BPA (bis phenol-A), MMA (methyl methacyrlate), and D5 (decamethylcyclopentasiloxane)] were obtained (Sigma–Aldrich) (Table 2). Stock solutions of reference
standards except for D5 (prepared in methanol) were prepared in 70% methanol/water and
stored at 4 °C. The calibration solutions were prepared from these stock solutions by dilution
with the same solutions in order to obtain final concentrations of 0.05, 0.10, 0.20, 0.40, 0.50,
0.60, and 0.80 mg/mL. Triple 20-μL injections were made for each standard solution; the
peak area for appropriate monomers was determined and plotted vs. concentration using
linear regression analysis (Table 3).
HPLC analysis
The analysis of extracts from adhesive materials and reference solutions of the monomers were performed using LC/MS System (Waters Alliance 2695 Separations Module
HPLC System, Waters 2996 Photodiode Array Detector and Waters Micromass ZQ Mass
Spectrometer, Meadows Instrumentation Inc., Bristol, USA). The stationary phase used was
4 mm in diameter and 15 cm in length (C18, Catalog no: 121–1504) column with 5 μm
particle dimension. The mobile phase was 70% methanol/water for the extracts, except
for SR and methanol was provided for SR extracts (25 °C) at a flow rate of 0.7 mL/min. A
diode array detector was used to analyze the extracts except for SR, and the mass detector
was chosen for SR extracts. The detection was performed at a wavelength between 200and
220 nm for the diode array detector and the analysis of SR extracts was performed with
the mass detector (Con voltage: 27.2 V, capillary voltage: 3.84 kV, electrospray+, source
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Table 3. calibration values obtained by linear regression analysis for monomers tested in this study
using hPlc–Ms.
Monomers
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bis-gMa
TegdMa
udMa
heMa
BPa
MMa
edgMa

Wavelength (nm)
201
206
206
207
202
206
206

r2
0.989
0.960
0.996
0.929
0.968
0.998
0.986

Formula
y = (3 × 10−8) × −0.0233
y = (6 × 10−8) × −0.0798
y = (6 × −10−8) × −0.0151
y = (9 × 10−8) × −0.1595
y = (5 × 10−8) × −0.1312
y = (3 × 10−8) × −0.0047
y = (2 × 10−8) × −0.0038

temperature: 100 °C, desolation temperature: 120 °C, cone gas flow: 50 L/h, desolation gas
flow: 500 L/h). The injection volume was 20 μL and the elution time for the extracts was
15 min including bis-GMA, whereas for the remainder it was 6 min. The monomers were
identified by comparing their elution times with those of the reference monomers under the
same conditions in the HPLC. All measurements were performed three times. The average
weight of each released monomer, per weight of adhesive materials, except SR was expressed
in μg/mL. Quantification of the eluted substances from SR could not be performed because
the monomers were not available as individual reference materials. However, calculating
and comparing the area of the monomer peaks at different extraction time intervals performed a semi-quantitative comparison of the eluted silorane monomers. The amount of
each monomer was proportional to the area of its peak.
Cytotoxicity test
The cytotoxicity test was conducted according to the ISO 10993/EN 30990 standard using
L929 fibroblasts.[21]
Cultivation of L929 fibroblasts
The murine fibroblast cell line L929 in the third passage was obtained (HUKUK Cell Line
Collection, no: 92123004 Foot and Mouth Disease Institute, Ankara, Turkey). The cells
were grown as monolayer culture in 25 cm2 flasks in Dubelcco’s modified Eagle’s medium
(DMEM, Sigma Chemical Co.) supplemented with 10% fetal bovine serum (FBS, Hyclone,
Utah, USA) and 1% penicillin/streptomycin at 37 °C in an incubator (Heraeus, Germany)
containing 5% CO2 at 95–98% humidity. The fibroblasts were passaged by trypsinization.
Next, they were centrifuged and suspended in 24-well tissue culture plates of 1-mL aliquots,
containing 5 × 104 cells/mL.
Preparation of extracts
All specimens from material groups were divided into three subgroups according to the
extraction time intervals (1, 2, 7 days). The disk-shaped specimens of all subgroups were
immersed separately in 10 mL of culture medium (extract solution, DMEM, Sigma) immediately after photopolymerization. The specimens were incubated for 1, 2, and 7 days at
37 °C in a CO2 incubator (n = 9 for the adhesive restorative materials; n = 18 for primers and
adhesives). The ratio of specimen surface area (cm2) to the volume of the culture medium
(mL) was adjusted to approximately 1 for primers and adhesives and 0.9 for restoration
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materials, which was within the recommended range of 0.5–6.0 cm2/mL.[14] After the
incubation periods, the specimens were removed from the culture medium and the extracts
were filtered (0.22 μm filter, Milipore, Sigma Chemical Co.).
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Exposure of cell cultures to test specimens
The cell suspension was stained with Trypan Blue (Sigma Chemical Co.), counted using
a Neubauer chamber and seeded in 24-well plates (Nunc, Sigma–Aldrich, Copenhagen,
Denmark) at a density of 1 × 104 cells/well. Cultures were incubated for 24 h at 37 °C and 5%
CO2. After 24 h, the culture medium was removed from the wells and equal volumes (1 mL)
of the extracts of the tested materials obtained after three time intervals (1, 2, 7 days) were
added into each well. The original culture medium served as control in the current study.
Evaluation of cell morphology
Morphologic alteration of L929 cells was observed directly using an optical microscope
(Olympus IX71, Tokyo, Japan) and photos were taken using a camera (Olympus C-400).
Mitochondrial activity
Cell metabolic activity was evaluated through the mitochondrial activity analysis using MTT
test that detects the presence of succinic dehydrogenase enzyme (SDH) active in viable cells
[22]. The succinic dehydrogenase activity has shown to be a reasonable representative of
mitochondrial activity in the cells and reflects both cell number and activity. Cultures were
incubated for 24, 48, and 72 h at 37 °C and 5% CO2. The medium was then removed and cell
cultures were rinsed with PBS and 600 μL per well DMEM without serum and 60 μL MTT
(tetrazolium salt 3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide) solution
(2.5 mg/mL in PBS) were added to each well and incubated in a dark environment for 3 h.
After the incubation period (37 °C, 5% CO2), 200 μL of supernatant was removed and 400
μL of isopropanol (Merck, Darmstadt, Germany) was added to each well. Subsequently, the
absorbance at 570 nm was measured using spectrophotometer with a microplate reader
(Asys UVM 340, Biochrom, Victoria, Australia) with a reference of 690 nm. Measurements
were performed three times. The cell viability was calculated according to the Equation (1):

Cell viability (%)
= (Optical densities of test groups∕Optical densities of control groups) × 100

(1)

Statistical analysis
Data were analyzed using a statistical software package (SPSS Software V.20, Chicago, IL,
USA). The differences in the release of each component from different adhesive materials
were analyzed using one-way analysis of variance (ANOVA) and repeated measures of variance analysis to determine the variability of the monomer elution between three different
extraction time intervals. The variability in the toxicity of adhesive materials among the
three different extraction intervals and incubation periods was analyzed using repeated
measure of variance analysis. Bonferroni post hoc test was used to determine the differences
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Table 4. The mean values and standard deviations of the amounts of monomers (μg/ml) released from
each tested material.
Release of monomers (±SD) (μg/mL)
Materials
XP Bond
Quixfill
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silorane primer
silorane bond
Ketac n 100 primer
Ketac n 100 restorative

Monomers
udMa
TegdMa
heMa
udMa
TegdMa
heMa
bis-gMa
BPa
TegdMa
heMa
heMa
bis-gMa
TegdMa
egdMa
BPa

1 day
22.85 ± 0.06
0.66 ± 0.14
36.31 ± 0.15
0.38 ± 0.04
0.76 ± 0.02
4.02 ± 0.60
11.47 ± 0.07
not detected
1.44 ± 0.04
101.94 ± 0.96
0.08 ± 0.00
0.02 ± 0.00
0.08 ± 0.00
0.09 ± 0.00
not detected

2 days
26.49 ± 0.11
2.17 ± 0.02
62.92 ± 0.22
0.02 ± 0.00
0.26 ± 0.04
9.97 ± 0.93
16.66 ± 0.19
not detected
1.76 ± 0.00
112.64 ± 0.45
0.78 ± 0.02
0.97 ± 0.00
3.49 ± 0.00
0.08 ± 0.00
not detected

7 days
38.98 ± 1.07
10.0 ± 0.43
93.3 ± 0.56
0.43 ± 0.005
0.32 ± 0.02
27.14 ± 1.31
14.10 ± 0.13
not detected
3.11 ± 0.05
143.78 ± 0.16
6.35 ± 0.09
4.81 ± 0.08
6.48 ± 0.00
0.09 ± 0.00
not detected

between the toxicity of the materials. The relationship between the monomer release and
toxicity was analyzed using the Spearman’s rho correlation test (−1 < r < 1). P values less
than 0.05 were considered to be statistically significant in all tests.

Results
Monomer release
All tested materials released monomers at varying amounts at each time interval. The retention times of UDMA, TEGDMA, HEMA, bis-GMA, MMA, BPA, and D5 were in the order
of 4.93, 3.32, 2.17, 11.17, 2.77, 3.18, and 4.66 min, respectively (Table 4). HEMA release
from XP was significantly higher than the two other monomers (TEGDMA and UDMA)
(p < 0.001). The least amount of monomer release was detected for the hybrid posterior resin
composite, QF, containing UDMA and TEGDMA. Different HEMA and bis-GMA release
characteristics were observed from SP during different extraction intervals. Although bisGMA release was the highest at the end of the 1st day, HEMA release was the highest at the
end of the 7th day. The release of the single monomer (TEGDMA) in SB increased during
the extraction interval. Significantly higher amounts of the monomer (HEMA) were released
from the nano-ionomer, KP, compared to the other materials (p < 0.001). The release of
monomers (HEMA, bis-GMA and TEGDMA) increased with the extraction period while
TEGDMA monomer of the polyethylene glycol dimethacrylate (PEGDMA) in KR eluted
at similar levels at the 1st, 2nd, and 7th days of extraction. No release of BPA was detected
from the two adhesive materials (SP and KR including bis-GMA) tested.
The substances released from SR were identified based on the mass spectra of each peak
in the chromatogram. The structure and the molecular weight of different substances were
evaluated [13]. According to the chromatogram of the SR extract, a peak of a monomer with
a molecular weight of 370 g/mol was detected (Figure 1). The retention time of this peak
was 3.14 min. Thus, the only monomer released from all extracts of SR was the silorane
monomer, bis-3,4-epoxycyclohexylethyl-phenylmethylsilane, with a molecular weight of
370 g/mol and the release of this monomer increased with longer extraction intervals.
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Figure 1. The chromatogram of silorane restorative extract of 2 days.

Cytotoxicity results
Morphologic assessment
L929 cells in the culture medium (control) showed typical fibroblastic morphology
(Figure 2). The cells incubated with QF extracts for 48 h showed a spindle-shaped morphology similar to the typical fibroblastic morphology of control cells. The cultures incubated with SR (1 and 2 days) extracts for 72 h were spindle-shaped in appearance similar
to the control cells. The cells incubated with KP extracts for 24 h were round in shape and
additionally led to the enlargement of the intercellular space. The cells treated with SP for
48 h and KR extracts for 72 h had morphologies similar to that of the cells incubated with
KP extracts for 24 h (Figure 2).
Cell viability
After 24h incubation, 1-, 2-, and 7-day extracts of QF, SR, and SB were found to be nontoxic
to the L929 cell cultures (Figure 3). When 1-day extracts were taken into account, the most
toxic material was KP. The differences among the toxicities of 1-, 2-, 7-day extracts of QF, XP,
SP, SB, KR, and KP were not statistically significant (p > 0.05). The cell survival rate of the
1-day extracts of SR was significantly higher than that of the seven-day extracts (p = 0.006)
(Figure 3). After 48 h, 1- and 2-days extracts of SR and all extracts of QF were biocompatible with the cells. After 72 h, 1- and 2-days extracts of SR were biocompatible to the cells
and similar to the results of 48 h (Figure 3). When the toxicities of the 1-day extracts of all
tested materials after different incubation periods were compared, differences among the cell
survival rates of KP, KR, SP, and XP were found to be statistically not significant (p > 0.05).
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Figure 2. Morphological views of l929 fibroblasts interacted with 1, 2 and 7-day extracts of silorane Bond
and Ketac n 100 restorative after 24, 48, and 72 h of incubation intervals, respectively.

When the toxicities of 2-and 7-days extracts were compared after different incubation
intervals, the differences among the materials were not statistically significant (p > 0.05).
The correlation between the monomer release and cytotoxicity of the materials indicated that
the cytotoxicity of the materials increased with the monomer release (Spearman’s rho correlation coefficient - r). The correlation after 48 h was statistically significant (r = −0.342, p = 0.017).

Discussion
This study was undertaken to measure the amount of monomers released from different
types of adhesive restoration materials with different monomer types and to assess the
cytotoxicity of these materials on L929 mouse fibroblast cultures at different time intervals.
Since the material type with different chemistries showed significant affect on the monomer
elution and cytotoxicity on cell cultures, the null hypothesis tested could be rejected.

11

Downloaded by [UZH Hauptbibliothek / Zentralbibliothek Zürich] at 02:39 01 August 2016

JOuRNAL OF ADHESiON SCiENCE AND TECHNOLOGy

Figures 3(a)–(c). cell survival percentages of 1-, 2-, and 7-day extracts of adhesive restoration materials
tested in this study as a function of incubation period of (a) 24, (b) 48, and (c) 72 h.
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In the present study, LC/MS analytical method was used that combines the advantages
of an LC instrument with those of a mass spectrometer.[2] Different kinds of solvents, such
as distilled water, saliva, ethanol, methanol, and acetonitrile have been used to analyze
the monomer release.[23] In this study, 70% methanol/water was used as an extraction
solution. In an in vitro evaluation, it was revealed that almost every compound could be
detected in the extracts from methanol, whereas only a few were found in water extracts.
[24] Thus, the extracting medium for the SR group was pure methanol due to the solubility of the monomer. To date, there is no published investigation evaluating the monomer
release of XP Bond, where HEMA release was significantly higher than the two other
monomers (TEGDMA and UDMA). This high amount release from the smallest monomer
HEMA (130 g/ mol) is in accordance with a previous study.[25] Smaller molecules have
an enhanced mobility and could be eluted at a faster rate than larger bulkier molecules.
On the other hand, UDMA does not signify a unique molecule due to different molecular
weight and different structure.[26] Although HPLC is usually used to detect the eluted
monomers, it does not appear to be adequate in determining different forms of UDMA.
For this reason, the combination of HPLC with MS was suitable specifically to identify
the eluted compounds of this monomer. XP and QF include different types of UDMA
with different molecular structures. Therefore, a mass detector rather than a diode array
detector (UV detector) was used. The least amount of monomer release was detected for
the hybrid posterior resin composite, QF. It could be explained on the grounds that QF is
polymerized quicker due to its high translucency. Similarly, low cytotoxicity of QF is due
to its higher conversion rate.[26]
A previous study was chosen as a reference to assess the release of monomers from
SR.[13] The core structure of the cyclic silorane monomers resembles to that of the chemical structure of D5 that could be present in the SR as a contaminant or a degradation
product. D5 belongs to a group of chemicals known as cyclic volatile methylsiloxanes
(CVMS), mainly used in the production of silicone polymers. However, D5 is additionally used directly in personal care products, such as antiperspirants, hair care, and skin
care products.[27,28] Recently, concerns have been raised regarding their environmental
profile as they have relatively high bioconcentration factors, implying some potential for
bioaccumulation.[29] The monomers were identified based on the mass spectra of each
peak in the chromatogram. The silorane monomers analyzed according to the reference
study [13] showed molecular weights of 370, 736, and 920 g/mol and D5 with the molecular weight of 370 g/ mol that was equivalent to that of the first monomer. However, only
one monomer (with a molecular weight of 370 g/mol) was detected. The retention time
of the detected monomer was 3.14 min. Since the retention time of the peak observed in
the calibration solution of D5 was 4.66 min, it was decided that the peak detected in our
study did not belong to D5.[13]
The only monomer HEMA from KP was detected as the most released substance from
all tested materials. BPA is present as a trace impurity in the starting materials for resins,
and it is additionally a controversial endocrine disruptor.[24] The deleterious effect of BPA
on humans with its estrogen-like properties, as a degradation product of bis-GMA-based
restoratives are ambiguous. In some studies, BPA was detected [30], whereas in others is
not [31]. In the present study, the two materials containing bis-GMA were SP and KR. In
the chromatograms of SP, a peak was detected in a similar retention time (3.18 min) of BPA.
However, as previously noted this monomer might not be BPA.[32] Detailed analysis of

Downloaded by [UZH Hauptbibliothek / Zentralbibliothek Zürich] at 02:39 01 August 2016

JOuRNAL OF ADHESiON SCiENCE AND TECHNOLOGy

13

commercial bis-GMA indicated that in addition to bis-GMA and its structural isomer, isobis-GMA, 2,2[4-(2-hydroxy-3-metacryloiroxy-1-propoxy)-4-(2,3-dihydroxy-1-propoxy)]
diphenyl-propane (bis-GMA-H) possesses a structure in which one methacrylate ester bond
of bis-GMA is hydrolyzed.[32] Thus, bis-GMA-H may appear as a peak overlapping the BPA
peak under certain analytical HPLC conditions. Hence, the high BPA content reported in
the literature may be due to inappropriate separation conditions. In the present study, the
analysis of KR extracts showed a peak with a retention time that was similar to that of the
BPA (3.18 min) and TEGDMA (3.32 min). When wavelength of the monomers that showed
maximum absorption was considered, wavelength of the peak of KR was 206, equivalent
to the wavelength of TEGDMA when it showed maximum absorption. As a result, no BPA
release was observed for KR.
The use of permanent cell lines, such as transformed mouse fibroblast (L929) provides
good reproducibility for in vitro cytotoxicity screening.[33] In this study, the cytotoxic
effect of adhesive materials on L929 cells was investigated using MTT assay where the
reduction of MTT by viable cells is a good indicator of toxicity.[22] According to the data
obtained from the MTT test, except SR and QF, all restorative materials showed different
degrees of toxicity. All extracts of XP were found to be cytotoxic to the cell culture at three
time intervals (24, 48, and 72 h) being in agreement with a previous study with the same
incubation time.[34]
It has to be noted that the amount of adhesive systems used to prepare the specimens
in the present experiment was higher than the amount used in clinical practice. During
the restorative procedures, adhesives are applied in layers, and the polymerization of resin
composites possibly provides additional polymerization of the adhesive system. Accordingly,
when the level of cytotoxicity of the material does not exceed that of the defense capacity
of the organism, it can be considered as acceptable. However, the toxicity of leachable components released from adhesive systems should be considered for clinical applications. In
this regard, QF was reported as a material that has lower toxicity to cell cultures.[27,35] The
low toxicity of QF was explained with the high filler load (87w%) that would have reduced
the amount of resin available for dissolution or the released monomers is of low toxicity by
nature.[35] The high polymerization due to its high translucency possibly yielded higher
conversion rate of the material.[27] Furthermore, the combined reaction of the two monomers (UDMA and TEGDMA) of QF, in the disturbance of the cell cycle was found to be
less as compared to that of each compound individually.[36] On the contrary, SP including
HEMA and bis-GMA as monomers was found to be toxic to the cell culture. This could be
due to hydrophilicity and low molecular weight of HEMA and high toxicity of bis-GMA.
[37] Low concentrations of bis-GMA could antagonize the cytotoxicity of HEMA but higher
concentration of bis-GMA is likely to cause synergism regardless of the concentration of
HEMA.[38] However, it increased the toxicity in combination with HEMA.
SB was toxic after the incubation period of 48 and 72 h, whereas it was less toxic after 24 h
incubation. This adhesive material includes TEGDMA that has lower toxicity than those of
bis-GMA and UDMA. However, it has been showed that released TEGDMA was generally
higher compared to other monomers.[39] On the other hand, silorane-based restorative
composites have shown comparable [40] or better [41] cytotoxic characteristics to clinically
successful dimethacrylate composites. In the present study, SR was biocompatible except
for the 7-day extracts after 72 h incubation. The toxicity of this material could be related
to the other ingredients, such as camphoroquinone reported as a toxic material.[42]

Downloaded by [UZH Hauptbibliothek / Zentralbibliothek Zürich] at 02:39 01 August 2016

14

T. TOz ET AL.

In the present study, KP and KR also showed toxicity. The toxicity of KP could be
explained with the monomer ingredient (HEMA) but the toxicity of KR could be related
to the monomers (HEMA, PEGDMA, TEGDMA, and bis-GMA), ion release and solubility
of the material. High toxicity of resin-modified glass ionomer compared to that of conventional glass ionomers was attributed to the presence of HEMA.[43]
The cytotoxicity of the materials increased with the monomer release where the correlation was significant after 48 h. It has to be however noted that the materials released from
these extracts were not only monomers and may have included barium, aluminum, zinc,
and silicon.[44] Moreover, the toxicity of the adhesive materials could in part be related
to the initiators.[45] Except from the effects of the different chemical compositions on the
biocompatibility of the materials, the antagonistic and synergistic effects of the monomers
should also be considered crucial in interpreting toxicity results.[38]

Conclusion
From this study, the following could be concluded:
(1)

All tested adhesive restorative materials showed monomer release kinetics at varying degrees at the time intervals tested.
(2) The least amount of monomer release was detected for the hybrid posterior resin
composite, QF, containing UDMA, and TEGDMA.
(3) Except siloxane-based resin composite, SR, and methacrylate-based resin composite, QF, all materials showed different degrees of toxicity.
(4) The most toxic material was KP after 1 day but the differences among the toxicities after 2 and 7 days were not statistically significant between materials tested.
(5) After 48 h, 1- and 2-days extracts of SR and all extracts of QF were biocompatible
with the cells.
(6) The amount of monomer release and cytotoxicity of the materials indicated weak
but significant correlation especially after 48 h.

Clinical relevance
Since the least amount of monomer release was detected for the hybrid posterior resin
composite, Quixfill (QF), containing UDMA and TEGDMA, and siloxane-based resin composite (SR) and methacrylate-based resin composite, QF showed the least toxicity, clinicians
could consider these adhesive materials as more biocompatible for adhesive restorations.
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