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Objective. Ascorbic acid (Asc) and N-acetylcysteine (NAC) were reported to reduce genotox-

icity  induced by dental (co)monomers and their epoxy metabolites. The aim of the present

study was to investigate Asc or NAC as novel components in light-curable methacrylate

based dental composites regarding their effects on degree of conversion (DC) and elution of

composite components. Additionally, the release of Asc or NAC was determined.

Methods. Asc or NAC (1, 0.1, 0.01 or 0 wt%) was experimentally incorporated into the com-

posites Venus
®
, Grandio

®
and FiltekTM Supreme XTE and polymerized according to the

instruction of manufacturers. The samples were elussted in methanol and water. For each

composite-antioxidant mixture and elution medium four samples (n = 4) were prepared.

The eluates were analyzed by gas chromatography/mass spectrometry (GC/MS), high-

performance liquid chromatography/ ultraviolett/diode array detection (HPLC/UV/DAD)

and  high-performance liquid chromatography/fluorescence detection (HPLC/FLD). DC of

composite-antioxidant mixtures was measured in real-time with Fourier transform infrared

spectroscopy (FTIR).

Results. The highest concentrations of eluted Asc were 313.98 �M (Venus
®
-1 wt% Asc; 1 day;

methanol) and 245.34 �M (FiltekTM Supreme XTE-1 wt% Asc; 5 min; water). The highest con-

centrations of eluted NAC were 42.99 �M (1 day; Filtek
TM

Supreme XTE-1 wt% NAC; 1 day;

methanol) and 108.11 �M (Filtek
TM

Supreme XTE-1 wt% NAC; 7 day; water). Triethylene gly-

col  dimethacrylate (TEGDMA) elution was significantly increased in Venus
®
-1 wt% Asc and

®

Grandio -1 wt% Asc (1 day and 7 day methanol/water), compared to control. No significant

difference was found for TEGDMA elution in Filtek
TM

Supreme XTE-1 wt% Asc/NAC. DC was

significantly decreased compared to control (= composite without antioxidant) in Grandio
®

®
TM

and Filtek Supreme XTE after 1, 0.1 and 0.01 wt% Asc incorporation and in Venus after

1  and 0.1 wt% Asc incorporation. For composite-NAC mixtures, only DC of Grandio
®
-1 wt%

NAC was significantly reduced.
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Significance. Incorporation of NAC (1 wt%), as a novel composite component, into Filtek
TM

Supreme XTE, had no effect on DC and composite component elution, and supplies suffi-

cient amount of antioxidant which may reduce toxicity. Therefore, it represents a beneficial

mixture.
©  2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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.  Introduction

ethacrylate-based dental resins are frequently used in a clin-
cal context because of their reliable aesthetic properties and
hysical performance. Light-cured resin composites consist of
ifferent (co)monomers and additives [1]. The polymerization
f light-cured resin composites is incomplete and the residual

co)monomers and additives can be leachable [2]. They may
ontact pulp via dentinal tubules, then affect the activity of
ental pulp cells or enter the intestine by swallowing, sub-
equently reaching the circulatory system and organs [3,4].
dditionally, allergic reactions such as asthma and contact
ermatitis caused by methacrylates are also reported [5].

Previous studies have demonstrated that the
co)monomers TEGDMA and HEMA can be metabolized to the
ntermediate methacrylic acid (MA), and further to the epoxy

etabolites 2,3-epoxy-2-methyl-propionicacid-methylester
EMPME) and 2,3-epoxy-2-methylpropionic acid (EMPA) [6–9].
hese epoxy compounds are considered to be highly reactive
olecules and regarded as mutagenic and carcinogenic

gents [4,9–12]. Accordingly, teratogenic/embryotoxic effects
ere observed for EMPA  and EMPME  in the embryonic stem

ells of mice [12]. Furthermore, EMPME  and EMPA were
eported to elicit severe cytotoxicity and higher rates of DNA
ouble-strand breaks (DNA-DSBs) in human gingival fibrob-

asts (HGFs), compared to TEGDMA or HEMA addition alone
13,14]. DNA-DSBs can lead to carcinogenic and mutagenic
ffects [15].

Asc and NAC are regarded as radical scavengers [16]. It
as shown that Asc and NAC can reduce the cytotoxicity

nduced by TEGDMA and HEMA [17,18]. Our previous studies
ave demonstrated that the addition of Asc or NAC to cell cul-

ure medium can reduce genotoxicity of dental (co)monomers
nd their epoxy metabolites, EMPA  and EMPME  [14,19,20].
nother study has reported that orally administered mixtures
f antioxidants, including Asc and NAC, can reduce ionizing
adiation-induced DSBs [21].

Recently, studies on incorporation of NAC into self-
olymerizing poly-methyl methacrylate (PMMA)-based dental
esin (two component system; typically used in prosthetic
entistry) resulted in a decrease of degree of conversion (DC),
ompared to untreated PMMA  [22].

Till now, no data are available for the effect on DC and elu-
ion of composite components after incorporation of Asc or
AC into light-curable methacrylate based dental composites.
herefore, in the present study, Asc or NAC, as a novel com-
osite component in light-curable methacrylate based dental

omposites, was investigated regarding their effects on DC and
lution of composite components. Additionally, the release of
sc or NAC from new mixtures was determined.
2.  Methods

The investigated resin-composites including manufacturers’
data are listed in Table 1.

2.1.  Sample  preparation

2 g of each resin-composite (Table 1) were prepared by plac-
ing the uncured material on a glass plate in the dark, followed
by addition of 1 wt% (20 mg), 0.1 wt% (2 mg), 0.01 wt%  (0.2 mg)
or 0 wt% (0 mg;  control group) grounded fine powder of Asc
(Sigma-Aldrich, China) or NAC (Sigma-Aldrich, China). Asc or
NAC was experimentally incorporated into the uncured com-
posite with a dental spatula for best possible homogenous
distribution.

For high-performance liquid chromatography/
ultraviolett/diode array detection (HPLC/UV/DAD) –, high-
performance liquid chromatography/fluorescencedetection
(HPLC/FLD) – and gaschromatography/massspectroscopy
(GC/MS)-analyses corresponding composite-antioxidant mix-
ture was polymerized in a Teflon mold (5 mm diameter and
2 mm thickness), placed on a plastic matrix strip (Frasaco,
Tettnang, Germany). The uncured mixture was polymerized
using a LED-light curing unit (LCU) (Elipar STM 10

®
high

performance LED, 1200 mW/cm2, 3M ESPE, Seefeld, Germany),
according to the instructions of the manufacturers (Table 1).
The irradiance of the LED-LCU was controlled with a radiome-
ter (Demetron

®
, Kerr, USA) and was always between 1100

and 1200 mW/cm2. The top surface of the composite sample
was covered with a plastic strip during polymerization.
After sample preparation, samples were transferred into
brown glass vials (Macherey-Nagel, Düren, Germany) and
1 ml  Methanol (GC Ultra Grade, RATISOLV

® ≥99.9%, Roth,
Karlsruhe, Germany) or 1 ml  water (LC–MS-Grade, ROTISOLV

®
,

Roth, Karlsruhe, Germany) was added. As internal standard
(GC/MS analysis) caffeine (CF) solution (0.01 mg/ml) (HPLC
≥99.0%, Sigma-Aldrich, St. Louis, United States) was added.
All samples were incubated at 37 ◦C in the dark. Quadruplets
were prepared for each composite-antioxidant mixture and
elution medium.

For GC/MS analysis the eluates were measured after
incubation for 1 day and 7 day. Water samples were previ-
ously extracted with ethyl acetate (LC–MS-Grade, ROTISOLV®

≥99.9%, Roth, Karlsruhe, Germany) (1:1 v/v). To optimize layer
separation, the samples were centrifuged at 2800 rpm for
10 min  [23].
Measurements of Asc and NAC are not appropriate on
GC/MS mode due to strong hydrophilic character and poor
evaporability. Therefore, two different HPLC methods were
applied:

https://doi.org/10.1016/j.dental.2019.02.003
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Table 1 – Investigated dental materials, manufacturers, LOT numbers, types, shades, and polymerization times;
composition of each material based on manufacturer’s data.

Product name Type Manufacturer LOT Composition of
materials based on
manufacturer’s data

Shade Polymerization
time

Venus
®

Micro-hybrid Heraeus Kulzer,
Hanau, Germany

010504A Bis-GMA, TEGDMA and
contains 587 % filler (by
volume), such as Barium
Aluminium Fluoride
glass; Highly dispersive
Silicon Dioxide

A 2 20 s

Grandio
®

Nano-hybrid VOCO GmbH,
Cuxhaven,
Germany

1650433 Bis-GMA, TEGDMA A 2 20 s

FiltekTM Supreme XTE Nano-hybrid 3 M ESPE,
Seefeld,

N642628 Bis-GMA, UDMA,
TEGDMA, PEGDMA,

A  2 20 s
Germany

The concentrations of Asc in eluates of composite-Asc mix-
tures were quantified by HPLC/DAD/UV after incubation for
5 min, 1 day and 7 day.

The concentrations of NAC in eluates of composite-NAC
mixtures were quantified by HPLC/FLD after incubation for
5 min, 1 day and 7 day.

2.2.  HPLC/UV/DAD  analysis

Eluates of composite-Asc mixtures were analyzed on a
LaChrom HPLC/UV/DAD system (Merck, VWR, Darmstadt,
Germany). Separations were carried out using a 5 �m,
100 × 4.6 mm Hypersil GOLD AX column and a 5 �m,  10 × 4 mm
Hypersil GOLD AX guard column (Thermo Fisher Scientific,
Dreieich, Germany). The column was operated at a flow rate of
0.5 ml/min with an isocratic mobile phase for 25 min, consist-
ing of 65% acetonitrile (Merck, Darmstardt, Germany) and 35%
100 nM ammonium acetate buffer (pH 6.8) (Merck, Darmstardt,
Germany). The chromatograms were recorded at 267 nm wave-
length. The injection volume was 100, 200 or 400 �l.

Identification of Asc was achieved by comparing the reten-
tion time and UV-spectrum to an Asc reference standard. A
calibration was performed by correlating peak areas of five
different reference standard Asc concentrations (10, 20, 100,
200, 400 �M).  Quantity of Asc from analyzed samples was cal-
culated accordingly.

2.3.  HPLC/FLD  analysis

To quantify the concentration of NAC in the eluates of
composite-NAC mixtures, a derivatization procedure was per-
formed according to Ercal et al. [24] with modifications as
described in the following: 100 �l sample eluate was added
to 300 �l of a 1 mM N-(1-pyrenyl) maleimide (NPM) (Sigma-
Aldrich, India) in Acetonitrile (LC–MS Grade, Roth, Karlsruhe,
Germany) and incubated 23 ◦C for 5 min  to form NPM-NAC
adduct. To stop the reaction 5 �l of 2 M HCl was added. The

resulting solution was analyzed on a LaChrom Elite HPLC/FLD
system (VWR, Darmstadt, Germany). Separations were car-
ried out using a 5 �m,  250 mm × 4 mm LiChrospher 60 RP-18
SelectB column and a 5 �m,  4 mm × 4 mm LiChroCart guard
Bis-EMA; ZrO2–SiO2

cluster SiO2 and ZrO2

nanofiller

column filled with LiChrospher 100 RP-18 (Merck, Darm-
stadt, Germany). The column was operated at a flow rate of
0.7 ml/min with a gradient using water (HPLC-grade, Millipore,
VWR, Darmstadt) with 1‰ Acetic acid (100%, Merck, Darm-
stadt, Germany)/1‰ Phosphoric acid (85%, Merck, Darmstadt,
Germany) and Acetonitrile. Starting at 48%, Acetonitrile was
linearly increased over 8 min  up to 52% and held for another
12 min. Within 1 min, the eluent was changed to 55% Acetoni-
trile, held for 14 min, and returned to 48% Acetonitrile within
1 min. The column was reconditioned for at least 10 min. The
chromatograms were recorded at an excitation wavelength of
330 nm and an emission wavelength of 380 nm.  The injection
volume was 50 �l.

Identification of NPM-NAC adduct was achieved by com-
paring the retention time to NPM-derivatized NAC reference
standard. A calibration was performed by correlating peak
areas of five different derivatized reference standard NAC con-
centrations at 50, 125, 250, 500, 1000 nM. Quantity of NAC from
analyzed samples was calculated accordingly.

2.4.  GC/MS  analysis

The analysis of the eluates was performed on a Finni-
gan Trace GC ultra gas chromatograph connected to a DSQ
mass spectrometer (Thermo Electron, Dreieich, Germany). A
J&W VF-5 ms  capillary column (length 30 m,  inner diameter
0.25 mm;  coating 0.25 m;  Agilent, Böblingen, Germany) was
used as the capillary column for gas chromatographic sepa-
ration. Helium 5.0 was used as carrier gas at a constant flow
rate of 1 ml/min. The temperature of the transfer line was
250 ◦C. For sample analysis 1 �l each was injected in splitless
mode (splitless time 1 min, split flow 50 ml/min). For capil-
lary transfer the programmable temperature vaporizing (PTV)
inlet was heated from 30 ◦C to 320 ◦C (14.5 ◦C/s) and finally
held for five min  at this temperature. The GC oven was ini-
tially heated isothermally at 50 ◦C for 2 min, then increased

to 280 ◦C (25 ◦C/min) and finally remained for five min  at this
temperature. The mass spectrometer (MS) was operated in the
electron impact mode (EI) at 70 eV (ion source temperature:
240 ◦C). Samples were recorded in full scan mode (m/z 50–600).

https://doi.org/10.1016/j.dental.2019.02.003
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Table 2 – Detected eluted composite components.

Compound
abbrevi-
ation

Compound

HEMA 2-Hydroxyethyl methacrylate
TEGDMA Triethylene glycol dimethacrylate
CQ Camphorquinone
DMABEE 4-Dimethylaminobenzoic acid ethyl ester
BHT 2,6-Di-t-butyl-4-methyl phenol
HMBP 2-Hydroxy-4-methoxy-benzophenone

′ ′
d e n t a l m a t e r i a l s 

Identification of the relevant compounds was achieved by
omparing their mass spectra and retention times to the cor-
esponding reference standards. For each reference standard
ompound a calibration was performed. The quantity of an
dentified analyte was calculated by correlating its charac-
eristic mass peak area to the corresponding precompiled
alibration curve (internal standard caffeine).

.5.  Degree  of  conversion  (DC)

he measurements of the DC (n = 6) were performed in
eal time with an FTIR-Spectrometer with an attenuated
otal reflectance (ATR) accessory (Nexus, Thermo Nicolet,
adison, USA). The corresponding unpolymerized composite-

ntioxidant mixture (see Section 2.1) was put directly on the
iamond ATR crystal in a Teflon mold (5 mm diameter and

 mm thickness). The uncured mixture was polymerized using
he same LED-LCU with same exposure time mentioned above.
he FTIR spectra were recorded in real time for 5 min  on the

ower surface of the samples. DC was calculated by assessing
he variation in peak height ratio of the absorbance intensities
f methacrylate carbon to carbon (C C) double bond peak at
634 cm−1 by employing the aromatic C C double bond peak
t 1608 cm−1 as an internal standard during polymerization of
he uncured material using Eq. (1).

DCpeak% =

(
1 −

(
1634cm−1/1608cm−1

)
peak  height  after  curing

(1634cm−1/1608cm−1)peak height before curing

)

×100 (1)

.6.  Calculations  and  statistics

he results are presented as means (standard deviation, SD).
he statistical significances (p < 0.05) of the differences in the
xperimental groups were asssnalyzed by one-way ANOVA
nd the post hoc test (Tukey’s HSD test) [25].

.  Results

he results of HPLC, GC/MS and DC are shown in Fig. 1, and
ables 3–6. The samples of Venus

®
were not measurable after

ncorporation of 1 wt% NAC due to polymerization without
hotoinitiation. Therefore no data for HPLC, GC/MS and DC
esults of Venus

®
-1 wt% NAC are available.

.1.  HPLC  analysis

oncentrations of Asc and NAC, released from composite-
ntioxidant mixtures are shown in Table 3.

.1.1.  HPLC/UV/DAD
sc calibration on HPLC/UV/DAD resulted in a linear cal-

2
bration curve (Eq. (2)) (R = 0.999; limit of quantification
LOQ) = 2.05 �M)

 = 40704x − 5613282 (2)
TinP 2(2 -Hydroxy-5 -methylphenyl) benzotriazol
DDHT Diethyl-2,5-dihydroxytrephthalate
CSA Champhoric acid anhydride

For composite-Asc mixtures, Asc was detected in methanol
and water eluates of all three investigated composites con-
taining 1 wt% and 0.1 wt% Asc. While the concentrations in
the eluates of composites containing 0.01 wt%  were always
lower than LOQ. The concentration of Asc (Venus

®
-1 wt%  Asc)

increased from 185.05 �M (5 min; methanol) to 313.98 �M (1
day; methanol) which was the highest concentration of eluted
Asc in this study. While in Grandio

®
-Asc and Filtek

TM
Supreme

XTE-Asc mixtures, the concentrations of eluted Asc decreased
with increasing elution time (methanol and water). The high-
est concentration of eluted Asc in water eluate was 245.34 �M
(5 min; Filtek

TM
Supreme XTE-1 wt% Asc).

3.1.2.  HPLC/FLD
NAC calibration on HPLC/FLD resulted in a linear calibration
curve (Eq. (3)) (R2 = 0.999; LOQ = 0.03 �M)

y = 31708x + 5290208 (3)

For composite-NAC mixtures, NAC was detected in
methanol and water eluates of Grandio

®
and Filtek

TM
Supreme

XTE containing 1, 0.1 and 0.01 wt% NAC, and Venus
®

contain-
ing 0.1 and 0.01 wt% NAC. The highest concentration of eluted
NAC in methanol was 42.99 �M (1 d; Filtek

TM
Supreme XTE-

1 wt% NAC). The highest concentration of eluted NAC in water
(108.11 �M) was found for Filtek

TM
Supreme XTE-1 wt%  NAC

after 7 day elution, where the eluted concentrations of NAC
increased. A NAC increase with increasing elution time was
also found for Filtek

TM
Supreme XTE-0.1 wt% NAC in water.

3.2.  GC/MS  analysis

A total of nine released composite components (Table 2) were
detected from investigated composites.

3.2.1.  Composite-Asc  mixture
3.2.1.1.  Venus

®
-Asc  mixture  (Table  4).  For Venus

®
-Asc misx-

ture, CQ, CSA, BHT, TEGDMA, DDHT and HMBP were detected.
TEGDMA elution was significantly increased in 1, 0.1 and
0.01 wt% of incorporated Asc after 1 and 7 day elution in
methanol and water, compared to control.

3.2.1.2.  Grandio
®
-Asc  mixture  (Table  5).  For Grandio

®
-Asc
mixture, HEMA, CQ, CSA, BHT, DMABEE, TEGDMA and TinP
were detected. A significant decrease of elution was found
for HEMA in 1, 0.1 and 0.01 wt% of incorporated Asc after 1

https://doi.org/10.1016/j.dental.2019.02.003
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Fig. 1 – Degree of conversion of composite-antioxidant mixture. (A) Venus
®

-Asc (0.01, 0.1 and 1 wt%). (B) Venus
®

-NAC (0.01,
0.1 and 1 wt%). (C) Grandio

®
-Asc (0.01, 0.1 and 1 wt%). (D) Grandio

®
-NAC (0.01, 0.1 and 1 wt%). (E) Filtek Supreme XTE

®
-Asc

(0.01, 0.1 and 1 wt%). (F) Filtek
TM

Supreme XTE-NAC (0.01, 0.1 and 1 wt%). Data are presented as mean ± SD, n = 6, *p < 0.05.
N/A: no data available.

Table 3 – Elution of incorporated Asc or NAC from composite-antioxidant mixture after 5 min, 1 day and 7 day in
methanol and water. Data are presented as mean (SD), n = 4. LOQ: limit of quantification. N/A: no data available.

Elution of Asc or
NAC; mean (SD);
�M

Venus
®

Grandio
®

FiltekTM Supreme XTE

Methanol Water Methanol Water Methanol Water

1 wt% Asc
5  min 185.05 (18.71) 119.46 (28.46) 195.51 (53.98) 132.69 (26.86) 286.39 (70.58) 245.34 (69.02)
1 day 313.98 (17.80) 15.72 (5.95) 109.16 (44.70) 10.67 (3.23) < LOQ 156.38 (50.67)
7 day < LOQ < LOQ < LOQ < LOQ < LOQ 18.39 (6.69)

0.1 wt% Asc
5 min 12.09 (3.71) 6.02 (1.42) 11.32 (4.73) 9.15 (1.45) 15.24 (5.57) 13.98 (3.31)
1 day < LOQ < LOQ < LOQ < LOQ < LOQ 7.04 (3.04)
7 day < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ

0.01 wt% Asc
5  min < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ
1 day < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ
7 day < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ

1 wt% NAC
5  min N/A N/A 17.87 (1.67) 48.60 (6.34) 27.43 (8.33) 35.28 (9.41)
1 day N/A N/A 6.72 (0.93) 35.69 (4.28) 42.99 (2.73) 89.39 (19.98)
7 day N/A N/A 2.03 (0.47) 42.25 (5.36) 27.63 (6.87) 108.11 (16.14)

0.1 wt% NAC
5 min 7.20 (1.02) 2.05 (0.46) 5.59 (3.73) 2.18 (0.07) 3.90 (1.87) 2.61 (0.85)
1 day 24.25 (3.20) 0.33 (0.13) 1.88 (0.68) 0.16 (0.04) 6.95 (3.35) 6.09 (1.53)
7 day 4.45 (0.72) 0.19 (0.06) 0.45 (0.18) 0.11 (0.03) 4.08 (2.14) 8.20 (1.22)

0.01 wt% NAC
5  min 0.84 (0.14) 0.25 (0.04) 0.52 (0.16) 1.68 (0.91) 0.67 (0.35) 0.47 (0.22)
1 day 0.20 (0.09) 0.18 (0.11) < LOQ < LOQ < LOQ < LOQ
7 day < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ

https://doi.org/10.1016/j.dental.2019.02.003
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Table 4 – Qualification and quantification of substances eluted from Venus
®

incorporated with 1, 0.1 and 0.01 wt%  Asc or NAC for 1 and 7 day in methanol and water.
Data are presented as mean (SD), n = 4.

TblColHeadVenus
®

;
mean (SD); �M

1 day in methanol 7 day in methanol

Control 1 wt% Asc 0.1 wt% Asc 0.01 wt% Asc Control 1 wt%  Asc 0.1 wt%  Asc 0.01 wt%  Asc

CQ 16.42 (4.43) 19.18 (2.24)b,c 10.74 (1.98)d 10.23 (1.13)a,d 18.37 (3.39) 29.77 (4.29)a,b,c 13.68 (1.88)d 11.41 (1.40)a,d

CSA 9.52 (2.12) 3.70 (0.19)a,b 5.69 (0.61)a 6.54 (0.88)a,d 13.49 (2.18) 5.16 (0.37)a,c 10.08 (1.62)a,b,d 6.72 (0.74)a,c

BHT 2.89 (0.71) 2.92 (0.17)b,c 1.27 (0.11)a,d 1.19 (0.30)a,d 4.30 (0.58) 3.86 (0.45)b,c 2.14 (0.27)a,d 1.60 (0.35)a,d

TEGDMA 630.41 (34.93) 818.51 (44.49)a 831.40 (9.63)a 752.48 (83.52)a 652.86 (23.78) 1147.78 (41.93)a,c 1006.23 (86.75)a,d 1074.71 (40.55)a

DDHT 46.22 (9.65) 57.09 (1.80)b,c 45.00 (2.20)d 37.75 (2.95)d 34.87 (10.04) 92.76 (3.04)a,b,c 58.99 (2.55)a,b,d 20.05 (1.97)a,c,d

HMBP 184.05 (31.82) 179.54 (10.12)b 147.54 (10.75) 133.14 (10.77)a,d 286.46 (40.89) 324.70 (8.27)b,c 263.75 (18.47)d 243.58 (12.11)d

1 day in water 7 day in water

Control 1 wt% Asc 0.1 wt% Asc 0.01 wt% Asc Control 1 wt%  Asc 0.1 wt%  Asc 0.01 wt%  Asc

CQ 1.52 (0.17) 2.07 (0.60)c 0.86 (0.19)d 1.39 (0.21) 2.92 (0.59) 3.76 (0.57)b,c 1.31 (0.21)a,d 0.98 (0.24)a,d

CSA 0.90 (0.13) 0.43 (0.09)a 0.54 (0.13)a 0.41 (0.04)a 1.24 (0.24) 0.61 (0.03)a 0.71 (0.17)a 0.72 (0.20)a

TEGDMA 148.87 (13.07) 191.00 (16.20)a 173.18 (9.80)a 182.66 (2.15)a 138.39 (23.73) 260.30 (9.97)a,b,c 224.84 (10.01)a,d 215.11 (16.83)a,d

1 day in methanol 7 day in methanol

Control 1 wt% NAC 0.1 wt% NAC 0.01 wt% NAC Control 1 wt%  NAC 0.1 wt%  NAC 0.01 wt%  NAC

CQ 16.42 (4.43) N/A 29.29 (0.94))a,b 15.32 (1.71)c 18.37 (3.39) N/A 48.47 (3.78))a,b 24.93 (2.07)c

CSA 9.52 (2.12) N/A 7.48 (0.62) 6.20 (0.63)a 13.49 (2.18) N/A 13.01 (1.48) 10.30 (1.01)
BHT 2.89 (0.71) N/A 5.61 (0.27))a,b 2.68 (0.11)c 4.30 (0.58) N/A 9.03 (0.59) 4.41 (0.37)
TEGDMA 630.41 (34.93) N/A 754.83 (40.41))a,b 548.13 (56.88)c 652.86 (23.78) N/A 769.44 (26.02))a,b 620.63 (31.78)c

DDHT 46.22 (9.65) N/A 65.97 (1.43))a,b 40.33 (1.46)c 34.87 (10.04) N/A 80.67 (4.02))a,b 34.66 (1.17)c

HMBP 184.05 (31.82) N/A 238.98 (13.98))a,b 159.85 (1.97)c 286.46 (40.89) N/A 348.96 (25.12))a,b 277.87 (11.71)c

1 day in water 7  day in water

Control 1 wt% NAC 0.1 wt% NAC 0.01 wt% NAC Control 1 wt%  NAC 0.1 wt%  NAC 0.01 wt%  NAC

CQ 1.52 (0.17) N/A 2.55 (0.51))a,b 1.85 (0.15)c 2.92 (0.59) N/A 4.67 (1.19)a,b 2.75 (0.36)c

CSA 0.90 (0.13) N/A 1.51 (0.16)a,b 1.06 (0.05)c 1.24 (0.24) N/A 1.74 (0.22)a 1.83 (0.18)a

TEGDMA 148.87 (13.07) N/A 171.54 (6.91))a,b 141.77 (1.85)c 138.39 (23.73) N/A 165.70 (8.98) 153.81 (4.59)

N/A: no data available.
a Significantly different to control.
b Significantly different to 0.01 wt% group.
c Significantly different to 0.1 wt% group.
d Significantly different to 1 wt% group, p < 0.05).

https://doi.org/10.1016/j.dental.2019.02.003
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Table 5 – Qualification and quantification of substances eluted from Grandio
®

incorporated with 1, 0.1 and 0.01 wt%  Asc or NAC for 1 and 7 day in methanol and water.
Data are presented as mean (SD), n = 4.

Grandio
®

;
mean (SD); �M

1  day in methanol 7 day in methanol

Control 1 wt% Asc 0.1 wt% Asc 0.01 wt% Asc Control 1 wt%  Asc 0.1 wt%  Asc 0.01 wt% Asc

HEMA 13.25 (2.20) 4.53 (0.92)a,b,c 0.09 (0.05)a,d 0.08 (0.05)a,d 19.29 (2.45) 3.77 (0.81)a,b,c 0.43 (0.05)a,d 0.28 (0.14)a,d

CQ 5.57 (0.85) 20.69 (0.80)a,b,c 11.08 (4.57)d 8.55 (2.48)d 6.10 (0.71) 27.41 (1.38)a,b,c 12.38 (0.33)a,d 12.04 (3.27)a,d

CSA 2.12 (0.16) 2.76 (0.52)c 3.68 (0.54)d 4.56 (1.41)a 2.69 (0.19) 3.91 (1.06) 7.38 (2.73)a 4.85 (1.68)
BHT 9.13 (1.21) 20.24 (5.69)a,b,c 11.04 (2.06)d 10.67 (3.88)d 13.30 (1.26) 12.60 (1.82) 19.73 (8.75) 15.27 (5.25)
DMABEE 0.82 (0.22) 13.45 (2.40)a,b,c 6.60 (4.25)a,d 5.15 (1.42)d 1.78 (0.27) 19.74 (1.32)a,b 12.23 (8.69)a 9.37 (3.68)d

TEGDMA 198.13 (61.39) 708.12 (184.02)a 474.56 (104.78) 546.38 (150.28)a 326.05 (14.99) 672.21 (97.48)a,b,c 416.16 (36.98)d 472.84 (135.65)d

TinP 10.78 (7.57) 37.65 (9.98)a,c 18.42 (4.43)d 22.54 (7.13) 26.05 (3.14) 61.47 (17.35)a,b,c 26.54 (6.93)d 36.56 (12.71)d

1 day in water 7  day in water

Control 1 wt% Asc 0.1 wt% Asc 0.01 wt% Asc Control 1 wt%  Asc 0.1 wt%  Asc 0.01 wt% Asc

HEMA 1.40 (0.16) 0.03 (0.02)a 0.03 (0.01)a 0.03 (0.02)a 0.69 (0.11) 0.04 (0.03)a 0.02 (0.00)a 0.03 (0.03)a

CQ 1.28 (0.34) 5.24 (2.18)a,b,c 1.43 (0.49)d 1.84 (1.22)d 1.34 (0.39) 7.86 (1.99)a,b,c 0.95 (0.62)d 2.13 (1.56)d

CSA 0.76 (0.24) 1.28 (0.10) 1.09 (0.52) 0.80 (0.20) 1.12 (0.24) 1.40 (0.41)c 2.03 (0.06)a,b,d 1.38 (0.33)c

TEGDMA 91.41 (13.55) 167.68 (35.97)a,b,c 115.21 (13.05)d 119.49 (12.53)d 99.47 (9.58) 185.45 (32.56)a,b,c 116.25 (22.84)d 109.22 (29.41)d

1 day in methanol 7 day in methanol

Control 1 wt%NAC 0.1 wt% NAC 0.01 wt% NAC Control 1 wt%  NAC 0.1 wt%  NAC 0.01 wt% NAC

HEMA 13.25 (2.20) 13.32 (1.48)c 18.17 (0.84)a,d 15.79 (1.08) 19.29 (2.45) 15.37 (1.34)c 28.17 (12.02)d 19.24 (0.99)
CQ 5.57 (0.85) 11.45 (2.05)a 9.31 (0.27)a 9.59 (2.37)a 6.10 (0.71) 15.16 (2.07)a 15.20 (0.13)a 15.93 (3.24)a

CSA 2.12 (0.16) 0.79 (0.18)a,b 0.78 (0.17)a,b 1.95 (0.52)c,d 2.69 (0.19) 1.14 (0.13)a,b 1.30 (0.37)a,b 3.19 (0.32)c,d

BHT 9.13 (1.21) 7.21 (1.34) 12.45 (5.65) 9.53 (1.67) 13.30 (1.26) 8.03 (1.06)a,b,c 14.52 (0.91)d 14.98 (1.74)d

DMABEE 0.82 (0.22) 12.73 (2.09)a,b,c 6.95 (0.44)a,d 6.40 (1.40)a,d 1.78 (0.27) 18.86 (1.37)a,b,c 11.51 (0.51)a,d 9.11 (1.43)a,d

TEGDMA 198.13 (61.39) 216.25 (56.33) 272.27 (6.89) 266.42 (44.75) 326.05 (14.99) 238.80 (12.04)a,b,c 309.12 (5.06)d 299.37 (16.99)d

TinP 10.78 (7.57) 14.66 (4.23)c 24.51 (0.05)a,d 23.02 (1.19)a 26.05 (3.14) 25.88 (1.88)b,c 40.74 (2.13)a,d 34.42 (2.23)a,d

1 day in water 7 day in water

Control 1 wt% NAC 0.1 wt% NAC 0.01 wt% NAC Control 1 wt%  NAC 0.1 wt%  NAC 0.01 wt% NAC

HEMA 1.40 (0.16) 1.73 (0.14)a,b,c 1.40 (0.17)d 1.33 (0.06) d 0.69 (0.11) 2.19 (0.33)a,b,c 1.11 (0.27)d 1.44 (0.27)a,d

CQ 1.28 (0.34) 3.37 (1.07)a,b,c 1.38 (0.39)d 1.62 (0.96) d 1.34 (0.39) 6.82 (1.77)a,b,c 3.23 (0.86)d 3.47 (1.30)d

CSA 0.76 (0.24) 0.58 (0.12) 0.90 (0.16)d 0.37 (0.10) a,c 1.12 (0.24) 0.57 (0.18)a 0.85 (0.14)b 0.44 (0.07)a,c

TEGDMA 91.41 (13.55) 144.00 (5.98)a,b,c 111.17 (8.41)a,d 105.39 (6.65)d 99.47 (9.58) 125.49 (6.22)a,b 105.89 (17.08) 96.56 (11.01)d

a Significantly different to control.
b Significantly different to 0.01 wt% group.
c Significantly different to 0.1 wt% group.
d Significantly different to 1 wt% group, p < 0.05).
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Table 6 – Qualification and quantification of substances eluted from Filtek
TM

Supreme XTE incorporated with 1, 0.1 and 0.01 wt%  Asc or NAC for 1 and 7 day in methanol
and water. Data are presented as mean (SD), n = 4.

FiltekTM Supreme
XTE; mean (SD); �M

1  day in methanol 7 day in methanol

Control 1 wt% Asc 0.1 wt% Asc 0.01 wt% Asc Control 1 wt%  Asc 0.1 wt%  Asc 0.01 wt%  Asc

CQ 8.52 (0.21) 7.67 (2.17) 6.69 (1.21) 6.73 (0.26) 8.28 (0.25) 9.99 (1.07) 8.76 (3.24) 8.98 (0.97)
CSA 16.06 (0.02) 1.54 (0.40)a,b 1.45 (0.39) a,b 0.75 (0.13)a,c,d 16.00 (0.03) 2.83 (2.46) a 0.93 (0.22) a 0.48 (0.07) a

BHT 7.11 (0.32) 23.13 (8.54)a,b,c 11.72 (1.16)d 10.96 (0.72)d 10.76 (0.58) 32.60 (23.03) 13.61 (3.76) 13.98 (1.29)
TEGDMA 39.94 (4.04) 27.16 (8.17) 35.60 (9.60) 34.73 (4.73) 40.46 (4.42) 46.41 (4.16) 42.78 (10.13) 33.85 (2.21)

1 day in water 7 day in water

Control 1 wt% Asc 0.1 wt% Asc 0.01 wt% Asc Control 1 wt%  Asc 0.1 wt%  Asc 0.01 wt%  Asc

CQ 2.67 (0.11) 3.00 (1.77)c 1.04 (0.18)d 1.49 (0.25) 2.71 (0.10) 4.70 (2.41)c 0.55 (0.16)d 2.24 (0.88)
CSA 2.61 (0.07) 1.18 (0.42)a 1.13 (0.27)a 0.75 (0.46)a 2.53 (0.08) 1.59 (0.50)a,b 0.84 (0.15)a 0.49 (0.25)a,d

TEGDMA 6.60 (0.30) 5.99 (1.59)b,c 13.43 (3.35)a,d 10.17 (1.07)d 4.09 (0.03) 12.81 (5.56)a 11.31 (4.76) 9.61 (1.82)

1 day in methanol 7 day in methanol

Control 1 wt% NAC 0.1 wt% NAC 0.01 wt% NAC Control 1 wt%  NAC 0.1 wt%  NAC 0.01 wt%  NAC

CQ 8.52 (0.21) 8.82 (0.27)c 9.81 (0.60)a,d 9.14 (0.25) 8.28 (0.25) 8.38 (0.16)b,c 9.53 (0.48)a,d 9.07 (0.17)a,d

CSA 16.06 (0.02) 16.00 (0.02) 16.06 (0.03) 16.02 (0.01) 16.00 (0.03) 15.98 (0.03) 16.01 (0.03) 15.98 (0.01)
BHT 7.11 (0.32) 6.15 (0.37)c 8.94 (0.58)a,b,d 6.58 (0.71)c 10s.76 (0.58) 8.94 (0.29)a,3 12.66 (1.36)a,b,d 10.17 (0.56)c

TEGDMA 39.94 (4.04) 35.93 (2.27) 43.75 (3.80) 39.16 (4.95) 40.46 (4.42) 36.52 (2.61)c 44.88 (4.24)d 40.44 (4.28)

1 day in water 7 day in water

Control 1 wt% NAC 0.1 wt% NAC 0.01 wt% NAC Control 1 wt%  NAC 0.1 wt%  NAC 0.01 wt%  NAC

CQ 2.67 (0.11) 2.64 (0.14) 2.48 (0.04) 2.56 (0.03) 2.71 (0.10) 2.62 (1.31) 2.47 (0.04) 2.64 (0.05)
CSA 2.61 (0.07) 2.57 (0.03) 2.65 (0.09) 2.65 (0.07) 2.53 (0.08) 2.53 (1.26) 2.51 (0.03) 2.61 (0.08)
TEGDMA 6.60 (0.30) 6.66 (1.31) 7.48 (0.61) 7.22 (0.66) 4.09 (0.03) 5.08 (2.66) 7.42 (0.71)a 4.78 (0.20)

a Significantly different to control.
b Significantly different to 0.01 wt% group.
c Significantly different to 0.1 wt% group.
d Significantly different to 1 wt% group, p < 0.05).
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and 7 day elution in methanol and water, compared to con-
trol. TEGDMA elution was significantly increased compared to
control in 1 wt%  Asc incorporation after 1 and 7 day elution in
methanol and water; and 0.01 wt% Asc incorporation after 1
day methanol elution.

3.2.1.3.  Filtek
TM

Supreme  XTE-Asc  (Table  6).  For Filtek
TM

Supreme XTE-Asc mixture, CQ, CSA, BHT and TEGDMA were
detected. TEGDMA elution was significantly increased for
0.1 wt%  Asc incorporation after 1 day elution in water; and for
1 wt%  Asc incorporation after 7 day elution in water, compared
to control.

3.2.2.  Composite-NAC  mixture
3.2.2.1.  Venus

®
-NAC  mixture  (Table  4).  For Venus

®
-NAC mix-

ture, CQ, CSA, BHT, TEGDMA, DDHT and HMBP were detected.
TEGDMA elution was significantly increased for 0.1 wt% NAC
incorporation after 1 day elution in water and 1 and 7 day in
methanol, compared to control.

A significantly increased TEGDMA elution was found
0.1 wt%, compared to control.

3.2.2.2.  Grandio
®
-NAC  mixture  (Table  5).  For Grandio

®
-NAC

mixture, HEMA, CQ, CSA, BHT, DMABEE, TEGDMA and TinP
were detected. HEMA elution was significantly increased for
0.1% NAC incorporation after 1 day in methanol, 1 wt% NAC
incorporation after 1 day and 7 day in water and 0.01 wt% NAC
incorporation after 7 day in water, compared to control. A sig-
nificant decrease of TEGDMA elution was found for 1 wt% of
incorporated NAC after 7 day elution in methanol, compared
to control. TEGDMA elution was significantly increased com-
pared to control for 1 and 0.1 wt%  NAC incorporation after 1
day elution in water; and for 1 wt%  NAC incorporation after 7
day elution in water.

3.2.2.3.  Filtek
TM

Supreme  XTE-NAC  mixture  (Table  6).  For
Filtek

TM
Supreme XTE-NAC mixture, CQ, CSA, BHT and

TEGDMA were detected. TEGDMA elution was significantly
increased for 0.1 wt%  NAC incorporation after 7 day elution
in water, compared to control.

3.3.  DC

For composite-Asc mixture, DCs of Grandio
®

and Filtek
TM

Supreme XTE with 1, 0.1 and 0.01 wt%  Asc were significantly
decreased (Fig. 1C, E), compared to control. DCs of Venus

®

with 1 and 0.1 wt% Asc were significantly decreased (Fig. 1A),
compared to control.

For composite-NAC mixture, DC of Grandio
®

with 1 wt%
NAC was significantly decreased (Fig. 1D), compared to con-
trol. No significant DC change was found for Filtek

TM
Supreme

XTE with 1, 0.1 and 0.01 wt% NAC (Fig. 1F), compared to control.

4.  Discussion
The effects of Asc or NAC after incorporation (1, 0.1 and
0.01 wt%) into three different composites (Venus

®
, Grandio

®

and Filtek
TM

Supreme XTE) were determined on the DC, on
5 ( 2 0 1 9 ) 650–661

the elution of composite components and on the release of
Asc or NAC.

These investigated composites were selected because pre-
vious studies have shown various compositions and high
releases of methacrylates and additives [26–28].

From all investigated composites only Venus
®

samples
were not measurable after incorporation of 1 wt%  NAC. These
results indicate that only for Venus

®
the incorporation of

1 wt% NAC may lead to an unstable composite mixture which
is able to polymerize without photoinitiation.

4.1.  Effect  of  Asc/NAC  on  DC

Photoinitiated polymerization occurs by a chain reaction
between the free radicals formed by the photoinitiating sys-
tem and the monomers [29]. CQ, a photoinitiator, has been
widely used for light-cured dental composite [29]. Photopoly-
merization is initiated by CQ/amine photoinitiating system. In
this process, aminoalkyl radical, a key radical initiating poly-
merization, was produced via photoinduced electron transfer
[29]. In addition, a direct hydrogen atom abstraction of triplet
state of CQ on the monomer may also form reactive radicals
[29]. Hence, the significantly reduced DC after incorporation
of Asc or NAC into composites in this study might be due to
these antioxidants which can scavenge initiating radicals [30],
consequently suppressing the initiating of chain polymeriza-
tion. Additionally, the efficiency of photopolymerization also
depends on the steric structure of the amine-derived radi-
cals, which must approach the reactive unsaturated bond in
a monomer [31]. Therefore the incorporation of Asc or NAC
might interfere the diffusion of electrons, which impedes the
formation of exciplex [32] or further polymerization.

A significant lower DC was found for all investigated
composites containing 1, 0.1 and 0.01 wt% Asc (except for
Venus

®
-0.01 wt% Asc), compared to control. While for NAC

incorporation, no significant change of DC was detected for
Venus

®
and Grandio

®
containing 0.1 wt% and 0.01 wt%  NAC,

and for Filtek
TM

Supreme XTE with 1 wt% NAC. This indi-
cates that Asc has a stronger influence on DC than NAC. In
addition to a stronger ability of scavenging radicals and inter-
fering the diffusion of electrons, another explanation might
be that Asc possesses chain-breaking properties by inhibiting
free-radical-mediated chain reactions [33].

4.2.  Elution  of  composite  components  and  effect  of
Asc/NAC

For the GC/MS analysis, methanol and water were used as elu-
tion media for 1 day and 7 day elution experiments according
to our previous studies [23,26].

TEGDMA is a (co)monomer frequently used in compos-
ites to enrich the organic resin matrix of composites with
a maximum of inorganic filler particles [34]. A significant
increase of eluted composite components (e.g. TEGDMA),
compared to control, can cause adverse effects [13,35]. Our
previous study revealed that an exposure with TEGDMA at

concentrations of 360 �M induces 4-fold higher number of
DNA-DSBs-foci in HGFs compared to negative control [13].
TEGDMA was detected in the eluates of all investigated com-
posites. The highest TEGDMA concentration in methanol

https://doi.org/10.1016/j.dental.2019.02.003
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luates was 1148 �M (Venus
®

-1 wt% Asc, 7 day). This is about 3
imes higher than the cited genotoxic concentration. However,

ethanol eluates represent the maximal elutable concen-
ration of (co)monomers and additives [37]. However, water
luates allow the utmost physiological comparison to denti-
al fluid and human saliva [27,38]. In comparison, in this
tudy highest concentration of TEGDMA in water was 260 �M
Venus

®
-1 wt%  Asc, 7 day). This is 1.4 times lower than the

ited genotoxic concentration.
HEMA is used in dental composites as a (co)monomer of the

rganic resin matrix due to its hydrophilic application. In pre-
ious studies for HEMA a genotoxic concentration at 1100 �M
as found in HGFs [13]. HEMA was detected only in the elu-

tes of Grandio. The highest HEMA concentration with 28 �M
as detected in the methanol eluate of Grandio-0.1 wt% NAC

fter 7 day. This is 39 times lower than the cited genotoxic
oncentration.

Incorporation of Asc into Venus
®

(1, 0.1 and 0.01 wt%, 1
ay/7 day) and Grandio

®
(1 wt%, 1 day/7 day), and incorpora-

ion of NAC into Venus
®

(0.1 wt%, 1 day) led to a significant
ncrease of TEGDMA in methanol and water eluates, com-
ared to control. These results indicate that the incorporation
f Asc or NAC into some composites can promote the release
f TEGDMA and accordingly may induce adverse (side) effects

e.g. methacrylate allergy, cytotoxic/genotoxic effects [13,35]).
However, our data also showed that the incorporation of

sc or NAC at specific wt% did not influence TEGDMA release
e.g. Filtek

TM
Supreme XTE-1, 0.1 and 0.01 wt% Asc or NAC

 and 7 day in methanol). In Grandio
®

a significant reduced
elease of TEGDMA after incorporation of 1 wt% NAC (7 day,

ethanol) and a significant reduced release of HEMA after
ncorporation of Asc (1, 0.1, 0.01 wt%, methanol / water, 1
ay/7day) could be detected. These results might be explained
y the interaction of Asc or NAC with components of the com-
osite and therefore less HEMA or TEGDMA is elutable as a
ositive effect.

Our previous study demonstrated that a lower DC is accom-
anied by a higher amount of eluted composite components

40] as a negative effect. However, molecular weight and
ydrophobicity of (co)monomers as well as the filler content
lay also a role on elution mechanism. Therefore, the correla-
ion between DC and component elution remains to be further
llustrated [41,42]. In the present study, no relation between DC
nd the elution of composite components after the incorpo-
ation of Asc or NAC at any wt% could be found.

.3.  Release  of  Asc  or  NAC  from
omposite-antioxidant  mixtures

sc can diminish DNA lesion by scavenging reactive species
irectly and reducing their formation, or preventing proteins
hat repair DNA against radical attack [43]. NAC can scavenge
ree radicals through thiol side-chain directly as well as by
imultaneous increase of intracellular glutathione (GSH) con-
ent [44]. Additionally, evidence shows that NAC reduces the

vailability of free dental resin monomers by reacting with the
ethacrylic group through Michael-type addition [45,46]. Both
sc and NAC were reported to prevent the formation of DNA
dducts [47,48].
( 2 0 1 9 ) 650–661 659

In our previous studies cytotoxicity and genotoxicity of
dental (co)monomers (e.g. TEGDMA) and their epoxy metabo-
lites (e.g. EMPA) have been found [13,14]. Furthermore, we
reported that cell culture medium eluates of dental com-
posites containing total elutable components also induced
DNA-DSBs [28]. Recently, we  demonstrated that the presence
of Asc or NAC significantly reduced cytotoxicity and geno-
toxicity induced by dental (co)monomers and their epoxy
metabolites [14,17,19,20]. Concentrations higher than 50 �M
Asc or NAC caused a significant reduction of DNA-DSBs
induced by dental (co)monomer intermediates and their
epoxy metabolites, compared to control in HGFs [14]. There-
fore these concentrations play a key role in the reduction of
cell toxicity.

Based on this 50 �M Asc/NAC [14], the present study
was designed for the incorporation of NAC or Asc starting
with 0.01 wt%, which corresponds to a calculated maximum
elutable concentration of about 57 �M Asc or 61 �M NAC. How-
ever, elution mechanism depends on the molecular weight,
hydrophobicity, filler content, investigated material and the
final network characteristics of the resin-matrix [41,42,49–51].
Consequently, in the present study concentrations of released
Asc or NAC were always lower than the calculated correspond-
ing maximal elutable Asc or NAC concentration.

In the present study, elution of Asc or NAC at 5 min, 1
day and 7 day was determined to estimate the maximum
available concentration of released antioxidant in eluates.
However, degradations of Asc and NAC in solutions were
reported in other studies [52,53]. This is in accordance with
our data because a degradation of eluted Asc and NAC in
methanol and water was observed. Nevertheless, an increased
release of antioxidants can also be found for Venus

®
-1 wt%  Asc

(methanol) and Filtek
TM

Supreme XTE-1 wt% NAC (water) with
increasing elution time.

As described above, concentrations higher than 50 �M Asc
or NAC can significantly reduce DNA-DSBs [14]. In the present
study, NAC or Asc concentrations over this value were found
in methanol or water eluates of Venus

®
-1 wt% Asc, Grandio

®
-

1 wt% Asc, Filtek
TM

Supreme XTE-1 wt% Asc and Filtek
TM

Supreme XTE-1 wt% NAC. Hence, it can be concluded that
these composites containing 1 wt% Asc or 1 wt%  NAC might
offer sufficient amounts of eluted antioxidants to reduce
genotoxicity induced by dental composite (co)monomers,
their metabolization intermediates and epoxy metabolites in
human oral cells.

4.4.  Risk  assessment

Among all investigated composite-antioxidant mixtures, only
Venus

®
, Grandio

®
and Filtek

TM
Supreme XTE (each 1 wt%

Asc) and Filtek
TM

Supreme XTE (1 wt% NAC) can offer suf-
ficient amounts of eluted antioxidants to reduce DNA-DSBs
[14]. However, the incorporation of 1 wt% Asc into Venus

®
,

Grandio
®

and Filtek
TM

Supreme XTE showed a significant
decreased DC and a significant increased elution of TEGDMA.

The increase of composite component elution (e.g. TEGDMA)
can lead to adverse effects [13,35]. Only Filtek

TM
Supreme XTE

(1 wt% NAC) showed no significant change as well on DC  as on
composite component elution and supplies sufficient amount
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of antioxidant to reduce toxicity. Therefore, Filtek
TM

Supreme
XTE-1 wt%  NAC represents a beneficial mixture.

If we assume the methanol elution as a worst-case sce-
nario, in the present study for Filtek

TM
Supreme XTE-1 wt%

NAC (1 day methanol elution), the total concentration of eluted
TEGDMA from 10 filling (100 mg  each) would reach about
360 �M,  which can induce DNA-DSBs [13]. Similarly, the max-
imum concentration of released NAC from one filling was
43 �M (Filtek

TM
Supreme XTE-1 wt% NAC, 1 day, methanol).

For 10 fillings this would result in 430 �M total released NAC.
This is 9-fold higher than 50 �M NAC, which can reduce DNA-
DSBs [14]. Therefore, the incorporation of 1 wt% NAC into
Filtek

TM
Supreme XTE would be a useful step to reduce dental

(co)monomer induced DNA-DSBs. However, it is emphasized
that these data may not be easily transformed into the clinical
situation, because in the physiological situation the contin-
uous formation of saliva may lead to a dilution of released
composite components.

5.  Conclusion

Incorporation of NAC (1 wt%), as a novel composite compo-
nent, into Filtek

TM
Supreme XTE, had no effect on DC and

composite component elution and supplies sufficient amount
of antioxidant which may reduce toxicity. Therefore, it repre-
sents a beneficial mixture.
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