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Objectives. Silorane-based dental monomers contain an epoxy functional group. Less is

known about the toxicological and inflammatory potential of silorane-based composites.

Therefore we compared the release of 24 cytokines from human leukocytes after incubation

with silorane-based FiltekTM Silorane (Silo) and methacrylate-based TetricEvo Flow® (TC).

Methods. Leukocytes from nine healthy test persons (P) were incubated with Silo or TC for

up  to 72 h. All 24 h cytokines were quantified with a magnetic bead assay.

Results. Silo stimulates the leukocytes to higher release of cytokines when compared to TC.

72  h after beginning the experiment, leukocytes from P6 incubated with Silo secreted more

than an 18-fold amount of interleukin (IL)-6 when compared with leukocytes incubated with

TC  (771.8 vs 42.1 pg/ml).

Only leukocytes from P8 incubated with Silo release up to 14.4 pg/ml IL-2 after 72 h.

Significance. The significantly higher induction of cytokines with Silo in comparison to TC is

test person independent. This indicates a higher sensitization potential for Silo. Because of

the  cytokine release pattern (especially the release of T-cell dependent IL-2) from leukocytes
iocompatibility

ytokine release assay

ensitization

mmune toxicology

from P8 after incubation with Silo it is likely that P8 can develop an allergic Type IV sensitiza-

tion to Silo. Therefore the cytokine release assay is a helpful tool for providing information

about possible immunological reactions to dental resins in individual cases as well as for a

general risk assessment and comparison between different dental materials.

emy 
© 2012 Acad

.  Introduction
he inflammatory mediators are a large family of molecules
hich play an important role in numerous physiological and
athological processes in our organism [1].  Within this cross-
erial regulatory network they can have additive/synergistic
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as well as antagonistic effects. Inflammatory mediators can
be released from different type of cells, e.g. from periph-
eral (blood) leukocytes after their stimulation. To start an
 10, 80333 Munich, Germany. Tel.: +49 89 54321 726;

immune response, human leukocytes can produce different
inflammatory mediators like polypeptide hormones, comple-
ment factors, coagulation factors, enzymes like proteases
and lipases [2].  Cytokines, a subgroup of the polypeptide
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hormones, interact with specific receptors and can trigger
autocrine, paracrine and endocrine reactions by the release of
proinflammatory substances, e.g. interleukin (IL)-1, IL-6, IL-10
and tumor necrosis factor (TNF)-� [2].

The release of inflammatory mediators from cells like
human leukocytes can be caused for different reasons,
e.g. defence against microorganisms and parasites. In our
modern times this release can also be stimulated by xeno-
biotic substances like 2-Hydroxyethyl methacrylate (HEMA)
or Triethylene glycol dimethacrylate (TEGDMA) [3] or erosion
particles from methacrylate based polymer networks [4].  In
relation to methacrylate based materials it is known that they
can cause allergic reactions in patient and dental personal as
well as cytotoxic and genotoxic effects in vitro [5–7]. One rea-
son for these effects is the release of dental monomers and
additives after polymerization of the dental material because
of the low conversion rate of about 55–65% [8,9].

A new class of monomers, named silorane, an acronym for
siloaxane and oxirane, was presented a few years ago [10].
FiltekTM Silorane has lower polymerization shrinkage and a
higher depth of cure compared with a lot of methacrylate
based dental composites [11]. However less data is available
regarding possible cytotoxic effects and the release of sub-
stances from the polymerized silorane.

The release of components from dental materials has a
marked influence on the structural stability and especially
on the biocompatibility of the material. The induction or
alterations in the regulation of inflammatory markers can be
helpful in the assessment of the biocompatibility of the dental
composite [12]. Particularly in the early stages, after exposi-
tion to dental composites as well as by exposure to sublethal
concentrations the secretion and expression of inflammatory
markers is an important indicator for latent cellular damage.

Therefore the aim of our study was to compare the amount
and the releasing kinetic of 24 inflammatory markers after
exposure of human leukocytes to the dental methacrylate
based restorative material TetricEvo Flow® and the silorane
based restorative material FiltekTM Silorane to the 72 h after
beginning the experiment.

2.  Materials  and  methods

2.1.  Preparation  of  specimen

From the light-curable tooth restorative materials TetricEvo
Flow® (TC) (Ivoclar Vivadent, Ellwangen, Germany; LOT
M61775) and FiltekTM Silorane (Silo) (3M ESPE, Seefeld,
Germany; LOT 0FM) specimens of approximately 100 mg
(thickness of 1.8 mm,  diameter of 6 mm;  color A2, with a result-
ing surface of the cylinder of 90.4 mm2) were prepared under
photolaboratory conditions. The specimens were covered with
plastic matrix strips (Frasaco, Tettnang, Germany) and poly-
merized according to the instructions of the manufacturer by
using an Astralis 10® light source (Ivoclar Vivadent).
2.2.  Cell  culture

9 ml  blood was taken from 9 healthy test persons (P) (8 female,
1 male) in a Li-heparin tube (Becton Dickinson Vacutainer®,
8 ( 2 0 1 2 ) 743–748

Heidelberg, Germany). 500 �l Roswell Park Memorial Insti-
tute medium (RPMI)-1640 medium (Sigma–Aldrich, Steinheim,
Germany) were added to 500 �l whole-blood sample in 5 ml
tubes (Sarstedt, Nuermbracht, Germany; LOT 1071001) under
cell culture conditions. From the blood from each test person
4 tubes were prepared. 100 �l lectin from Phytolacca ameri-
cana (Sigma–Aldrich; LOT 110M77102V) were added to tube
1 (positive control). Silo or TC were added to tubes 2 and 3,
respectively. No further substances were added to tube 4 (neg-
ative control). The cells were stored at 37 ◦C in 5% (v/v) CO2

atmosphere. 24, 48 and 72 h after the beginning of the exper-
iment 50 �l from the cell free supernatant were taken and
stored at −20 ◦C.

2.3.  Quantification  of  cytokines

Inflammatory mediators were quantified with the magnetic
bead assay Bio-Plex ProTM (Bio Rad Laboratories, Munich,
Germany; LOT 310009465) test kit using the Bio-Plex® detec-
tion system and software (Bio Rad Laboratories). Following
mediators were quantified: IL-1�, IL-1ra, IL-2, IL-4, IL-5, IL-6,
IL-7, IL-8, IL-9, IL-10, IL-12(p70), IL-13, IL15, IL-17, granulocyte
colony-stimulating factor (G-CSF), interferon-gamma (IFN-�),
monocyte chemoattractant protein-1 (MCP-1); major Cdk9-
interacting elongation factor (MCAF)), macrophage inflamma-
tory proteins (MIP)-1�, MIP-1�,  TNF-�, vascular endothelial
growth factor (VGEF), Eotaxin, fibroblast growth factor
(FGF) basic, granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF). The treatment of the samples as well as standard
dilution and calibration followed the manufacturer’s instruc-
tions. Briefly, all standards and samples were equilibrated
to 25 ◦C. The test was performed on 96-well filter plates.
After wetting the filter plates with assay buffer and remov-
ing it, 50 �l of the coupled bead solution was added to each
well. Then 50 �l of the standard or sample were added to
the wells, respectively, and incubated for 30 min  at 25 ◦C
with constant shaking (300 rpm). Afterwards, each well was
washed three times with wash buffer and 25 �l of the solu-
tion with detection antibodies was added to each well  and
incubated for 30 min  at 25 ◦C with constant shaking (300 rpm).
Next, each well was washed three times with wash buffer
and 50 �l streptavidin–phycoerythrin (streptavidin–pe) solu-
tion was added to each well and incubated for 10 min  at 25 ◦C
with constant shaking (300 rpm). Hereafter, each well was
washed three times with wash buffer and 125 �l assay buffer
were added to each well and shaken for 30 s at 1100 rpm. Then
the 96-well filter plates were analyzed in the Bio-Plex® detec-
tion system.

2.4.  Calculations  and  statistics

The data were analyzed with the Bio-Plex ManagerTM soft-
ware. From the measured amount of inflammatory mediators
in the leukocyte cultures incubated with Silo or TC, the
amount of inflammatory mediators measured in the native

culture was subtracted. P8 was excluded from the statis-
tics and separately discussed. The data are presented as
mean ± CV. The statistical significance (p < 0.05) of the differ-
ences between the release of inflammatory mediators caused

dx.doi.org/10.1016/j.dental.2012.03.009
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Fig. 1 – (a and b) Amount of cytokines (pg/ml ± SD) released from human leukocytes after 72 h after incubation with
specimen from FiltekTM Silorane (Silo) or TetricEvo Flow® (TC). Abbreviations used: IL, interleukine; G-CSF, granulocyte
colony-stimulating factor; IFN-�, interferon-gamma; MCP-1, monocyte chemoattractant protein-1 (=major Cdk9-interacting
elongation factor (MCAF)); MIP,  macrophage inflammatory proteins; TNF, tumor necrosis factor; VGEF, vascular endothelial
growth factor; FGF, fibroblast growth factor; GM-CSF, granulocyte-macrophage colony-stimulating factor.
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.5.  Declaration

hese experiments comply with the current laws of Germany.

. Results
he amounts of the inflammatory mediators in the standards
as in the range defined by the manufacturer.

Higher amounts of all measured inflammatory mediators
ere found after incubation of human leukocytes with Silo as
compared to TC after 24, 48 and 72 h (Fig. 1a and b). In detail the
differences of the IL-6, TNF-� and IL-1� release kinetic from
leukocytes after incubation with Silo or TC from P6, P8 and P9
are shown in Figs. 2–4.  72 h after the beginning of the experi-
ment leukocytes from P6 incubated with Silo secreted more
than an 18-fold amount of IL-6 as compared to the leuko-
cytes incubated with TC (771.8 vs 42.1 pg/ml) (Fig. 2a), the
2-fold amount of IL-1� (99.3 vs 35.9 pg/ml) (Fig. 3a) and the 3-
fold amount of TNF-� (87.2 vs 24.4 pg/ml) (Fig. 4a). Leukocytes
from P9 incubated with Silo secreted more  than the 9-fold

amount of IL-6 compared with leukocytes incubated with TC
(50.5 vs 5.6 pg/ml) (Fig. 2b), the 6-fold amount of IL-1� (20.0
vs 3.1 pg/ml) (Fig. 3b) and the 4-fold amount of TNF-� (24.4 vs
5.7 pg/ml) (Fig. 4b).

dx.doi.org/10.1016/j.dental.2012.03.009
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Fig. 2 – (a–c) Amount of interleukin (IL)-6 (pg/ml) released from human leukocytes from the test persons P6, P8 and P9 24, 48
and 72 h after incubation with specimen from FiltekTM Silorane (Silo) or TetricEvo Flow® (TC). The releasing kinetic showed
that leukocytes from P6, P8 and P9 released more  IL-6 after incubation with Silo compared to TC.

Fig. 3 – (a–c) Amount of interleukin (IL)-1� (pg/ml) released from human leukocytes from the test persons P6, P8 and P9 24,
48 and 72 h after incubation with specimen from FiltekTM Silorane (Silo) or TetricEvo Flow® (TC). The releasing kinetic

-1�
showed that leukocytes from P6, P8 and P9 released more  IL

The amounts of measured inflammatory mediators vary
significantly between the test persons, shown for IL-6 (Fig. 2a
and b), IL-1� (Fig. 3a and b) and TNF-� (Fig. 4a and b). 72 h after
the beginning of the experiment leukocytes incubated with
Silo from P6 secreted more  than the 15-fold amount of IL-6 as
compared with leukocytes from P9 (771.8 vs 50.5 pg/ml) (Fig. 2a
and b), the 4-fold amount of IL-1� (99.3 vs 20.0 pg/ml) (Fig. 3a
and b) and the 4-fold amount of TNF-� (87.2 vs 20.4 pg/ml)
(Fig. 4a and b).

The increase of the inflammatory mediators over time
was  in almost linear in some cases while in other cases
more  exponential, e.g. IL-1� release from leukocytes from P2
after incubation with Silo showed a linear release kinetics
(y = 0.977x − 22.74; R2 = 0.999; Fig. 5) and from P3 showed an

0.057x 2
exponential release kinetics (y = 0.353e ; R = 0.998; Fig. 5).
The release of IL-2 from leukocytes from all test persons

with exception of P8 was not detectable independent of incu-
bation with Silo or TC 24 and 48 h after the beginning of

Fig. 4 – (a–c) Amount of tumor necrosis factor (TNF)-� (pg/ml) rel
and P9 24, 48 and 72 h after incubation with specimen from Filte
kinetic showed that leukocytes from P6, P8 and P9 released more
after incubation with Silo compared to TC.

the experiment. 72 h after the beginning of the experiments
the leukocytes from P1 release 2.6 pg/ml IL-2 after incubation
with Silo and 2.0 pg/ml after incubation with TC. The leuko-
cytes from P8 released no measurable amounts of IL-2 up to
72 h after incubation with TC. After incubation with Silo the
released amounts of IL-2 were 5.4 pg/ml 48 h and 14.4 pg/ml
72 h after the beginning of the experiment.

72 h after the beginning of the experiments leukocytes
incubated with Silo or TC from P6 released 3.1 vs <0.1 pg/ml
IL-10, from P9 7.2 vs 1.5 pg/ml and from P8 59.8 vs 1.0 pg/ml.

4. Discussion
Attention has been directed to studies addressing the cyto-
toxic, estrogenic and genotoxic potential of dental composites,
because of the degree of exposure to eluted components from
the dental materials like residual (co)monomers, additives

eased from human leukocytes from the test persons P6, P8
kTM Silorane (Silo) or TetricEvo Flow® (TC). The releasing

 TNF-� after incubation with Silo compared to TC.

dx.doi.org/10.1016/j.dental.2012.03.009
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Fig. 5 – Amount of interleukin (IL)-1� (pg/ml) released from
human leukocytes from the test persons P2 and P3 24, 48
and 72 h after incubation with specimen from FiltekTM

Silorane (Silo). The releasing kinetic of IL-1� from
leukocytes from P2 is nearly linear and from P3 nearly
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inflammatory mediators (Figs. 2c, 3c and 4c)  compared with
xponential.

nd degradation products into the oral cavity and into the
aliva [7,8]. The release of inflammatory mediators is also
mportant because some cytotoxic processes are mediated by
nflammatory mediators and immunotoxic processes can be
nitiated. Moreover some authors postulate that “inflamma-
ory mediators produced in periodontal tissues, might enter
he bloodstream, causing systemic effects and/or contributing
o systemic diseases” [14].

TNF-� and IL-1� were matched to the primary cytokines,
hat means that they can initiate the inflammatory reaction
15]. Our results showed that more  TNF-� and IL-1� were
eleased after incubation of human leukocytes with Silo as
ompared to TC in all test persons. The amount of cytokine
elease varied with the human leukocytes from different test
ersons. The release of TNF-� (Fig. 3a and b) and of IL-1�

Fig. 4a and b) from leukocytes from P6 is higher compared
o leukocytes from P9. The release kinetics of TNF-� (Fig. 3a
nd b) and of IL-1� (Fig. 4a and b) however clearly showed
hat in both cases Silo induced higher amounts when com-
ared to TC. The individual variability in the inflammatory
esponse is well known [16]. The variability relates not only to
he amount of cytokines, but also the releasing kinetic (linear
s exponential release; Fig. 5).

The same results as those for TNF-� and IL-1� were found
or IL-6 and the other measured cytokines. IL-6 can be released
rom various cells, e.g. monocytes, T- und B-lymphocytes after
timulation with lipopolysaccharides (LPS), TNF-�, IL-1� and
FN-� [17]. IL-6 has influence on cell proliferation and differ-
ntiation of cytotoxic T-cells.

After the induction of the inflammatory cascade the anti-
nflammatory cascade is activated. IL-10 is one of the most
mportant cytokines with anti-inflammatory attributes [18].
L-10 inhibits the release of inflammatory mediators from

onocytes and macrophages, it up-regulates the soluble IL-
ra and inhibits the formation of the induceable NO-syntheses
iNOS) and therefore the formation of NO [19]. Comparable
nti-inflammatory mechanisms are found for IL-13 [20]. By

nalyzing the measured cytokine panel it could be clearly
emonstrated that the leukocytes from test persons releasing
igh amounts of inflammatory cytokines also released high
( 2 0 1 2 ) 743–748 747

amounts of anti-inflammatory cytokines stimulated by the
feedback inhibition of the inflammatory cytokines [21].

One reason why it is important to know if materials can
have an inflammatory potential is that the release of one
cytokine can stimulate the release of others. TNF-� activates
the synthesis of other cytokines like IL-1, IL-6, IL-8 as well as
the expression of surface and adhesion molecules [22]. The
effect of cytokines like TNF-� is not limited to the immune
system. TNF-� also has a procoagulatoric effect on endothelial
cells [23]. Moreover the release of other inflammatory medi-
ators which can perpetuate the inflammatory response like
reactive oxygen species or NO can be stimulated [24]. IL-1� has
a comparable range of efficacy with TNF-�. In experiments it
could be shown that TNF-� can potentiate the effect of IL-1�

[25].
To get a representative statement from a material com-

parison of different (dental) materials based on the releasing
pattern of cytokines from leukocytes it is important to mea-
sure a panel of cytokines and not only a few because of
the different possible inflammatory reactions but also the
pleiotropy of the cytokines and their interactivity. Only in this
case a different interpretation is possible [26].

One possible explanation for the differences in the cytokine
release after stimulation of leukocytes incubated with Silo or
TC could be the chemical reactivity of the elutable monomers
used in these composites. The organic matrix of methacry-
late based composites consists of different methacrylic acid
based monomers. Methacrylic acid has a double bounding and
carboxyl group as functional groups. Normally, the carboxyl
group was esterified. The double bounding must be activated
for chemical reactions.

The functional group of the siloranes is an oxirane ring [10].
Oxirane (=ethylene oxide, a member of the large group of epox-
ides) is a reactive heterocyclic three-membered ring consisting
of two carbon and one oxygen atom. Kopperud et al. [27] iden-
tified with the help of liquid chromatography in ethanol/water
(75%/25%) eluates from FiltekTM Silorane specimen the three
siloranes bis-3,4-epoxycyclohexylethyl-phenylmethylsilane,
1,3,5,7-tetra(3,4-epoxycyclohexylethyl)-
1,3,5,7-tetramethyl-cyclotetrasiloxane and
1,3,5,7,9-penta(3,4-epoxycyclohexylethyl)-1,3,5,7,9-
pentamethylcyclopentasiloxane as well as
isopropyl-methyl-diphenyliodonium which initiate the
cationic polymerization process of siloranes. It cannot be
excluded that this elutable and chemical reactive epoxides
are also released into cell free supernatant and can stimulate
the release of inflammatory mediators from leukocytes.

Besides the monomers other substances from the organic
matrix (e.g. photoinitiators, photostabilisators) and inorganic
matrix (e.g. fillers, particles for opacity) as well as coupling
agents and reaction products may be also released and can
contribute to the differences in the cytokine release after incu-
bated of leukocytes with Silo or TC.

All test persons deny known allergic reaction to
methacrylate- or silorane-based materials. Leukocytes
from P8 showed a high and a fast decrease in the release of
the release from the leukocytes from other test persons (Figs.
2a, b, 3a, b and 4a, b). Moreover a release of IL-2 was noted
(14.4 pg/ml 72 h after incubation of leukocytes with Silo),

dx.doi.org/10.1016/j.dental.2012.03.009
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whereas nearly no release of IL-2 was measured 72 h after
incubation with TC. IL-2 also called T-cell growth factor (TCGF)
stimulates T-cells. One of the major biological functions of
IL-2 is the autocrine activation of T-cells. If T-cells are exposed
to an antigen which was identified by prior contact, then they
will secrete IL-2 and stimulate themselves [28]. The highest
amounts of IL-2 were found in the cell free supernatant from
leukocytes from P8 72 h after incubation with Silo (TC did not
stimulate the release of IL-2 in measurable amounts from
leukocytes from P8). In the case of P8 it was very unlikely
that P8 had had no contact with silorane/epoxides. Further
anamnesis has shown that P8 designed resin-based costume
jewelry years ago without any problems relating to the wide
field of allergic response like contact dermatitis. In this
context it is likely that P8 had contact with epoxy resin. In
this case it is advisable to do further allergic testing against
materials based on silorane/epoxides.

5.  Conclusions

Our data show that Silo leads to the excretion of increased
amounts of inflammatory markers from leukocytes when
compared to TC. As in our case, it could be possible that
a material comparison experiment based on the cytokine
release assay can show significant differences in the immuno-
logical potential of the materials and provide information
relating to their biocompatibility. Moreover our results show
that the in vitro measurement of the released cytokines also
gives hints about individual sensibilization reactions. In this
case it is advisable to do further allergic examinations or use
another dental restorative.

Elution experiments are a good and necessary addendum
to identify and quantify elutable substances from Silo.
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