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Abstract: Bisphenol-A (BPA) is a xenoestrogen widely used as a synthetic precursor of resin monomers.
There is arise need to acquire BPA-free resin-matrix composites to prevent the health effects of BPA.
Six composites with distinctive manufacturer specifications were considered to evaluate the degree
of release of BPA and bisphenol A-Diglycidyl Methacrylate (Bis-GMA) in a dental composite. The
light-cured resin-matrix specimens (n = 5 for each composite type) were incubated at 37 °C in 1 mL
of a 75% ethanol-water solution in a sealed amber glass vial for 7 days. The 75% ethanol-water
solution was replaced daily and immediately frozen (—20 °C) until liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analysis. BPA was not detected in any studied resin-based materials.
However, Bis-GMA was detected in almost all the studied samples during the experiment, except
AF and BE The highest Bis-GMA concentration was released from ED at 67.43 ng/mL, followed by
BE, FS, and NC with 40.75 ng/mL, 8.30 ng/mL, and 0.94 ng/mL, respectively. There is a clear need
for more precise and standardized analytical methods to assess the short- and long-term release of
resin-based materials. Furthermore, manufacturers should be obliged to provide complete details of
the chemical composition of dental products and to promote the development of materials without
estrogenic potential.

Keywords: Bisphenol A (BPA); Bisphenol A-glycidyl methacrylate (Bis-GMA); resin-based dental
materials; LC-MS/MS; in vitro release

1. Introduction

Resin-matrix composites are standardly used in multiple domains of dentistry [1].
Primarily, they are the most conservative approach in esthetic and functional rehabilitation
in young patients [2—4], such as in maxillary lateral incisor agenesis [5]. In addition, they
have an extensive range of purposes, such as fissure and pit sealant, luting cement or
temporary material, and adhesive for brackets and splints [6,7].

Resin-matrix composites comprise an organic portion consisting of a polymer matrix
and inorganic filler particles attached to the resin matrix through a silane coupling agent [8,9].
In recent resin-matrix composites, the sources of Bisphenol-A (BPA) that leach from dental
materials include trace levels of BPA as an impurity of BPA-derivatives such as bisphenol
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A-Diglycidyl Methacrylate (Bis-GMA); Ethoxylated Bisphenol A Glycol Methacrylate (Bis-
EMA); dimethacrylate (Bis-DMA); and 2,2-bis-(4-(3-methacryloxypropoxy) phenyl) propane
(Bis-PMA). The presence of BPA due to the degradation/hydrolysis of Bis-DMA has also
been reported [9,10]. Bis-GMA (Figure 1) is the predominant base monomer used in the
resin-matrix composite, and its chemical structure is supposed to prevent hydrolysis. Still,
BPA may be an impurity of Bis-GMA manufacturing if polymerization is not complete [11,12].
Though the popularity of resin-matrix composites has increased in recent years, concern about
releasing endocrine-disrupting chemicals (EDCs) such as BPA and its derivatives has gathered
attention from scientists, clinicians, and patients [13,14].

YOOy

Bis-GMA

Figure 1. Molecular structure of BPA and Bis-GMA.

BPA is a chemical intermediate in the production of polycarbonate-, epoxy-, and
methacrylate-matrix materials used in several industrial and health fields [13,15]. BPA is
an organic compound with two phenolic functional groups (Figure 1) and was categorized
by the European Chemicals Agency (ECHA) as a ‘substance of very high concern’ since
it was classified as an EDC with risks to human health (toxic for human reproduction)
and environment, as determined in Regulation (EC) No 1907/2006 [16]. Furthermore,
researchers found that BPA leached into the saliva and urine of treated patients and was
responsible for the estrogenicity of some commercial composites and sealants used in den-
tistry [12]. The growing evidence indicates that exposure to BPA is also associated with an
increased risk of developing type 2 diabetes [17], obesity [18], adverse immune effects [19],
and neuroendocrine development alterations [20]. In addition, BPA prenatal exposures
were suggested to be associated with child neurobehavioral development [21]. Children
positively associate composite restorations (with BPA) and attention deficit hyperactivity
disorder [2,22].

As resin-matrix materials are expected to have a shelf life of several years in the mouth,
in vitro studies for extended periods are required to investigate the long-term release of
various composite ingredients. Eveline Putzeys et al. (2018) carried out an in vitro protocol
to measure the long-standing elution of several compounds from eight resin-based dental
composites over one year. Briefly, cylindric specimens of the different dental materials were
polymerized and immersed under the extraction solution (water, ethanol, and artificial
saliva), which was weekly refreshed and reported that the tested composite materials
were able to continuously release some monomers for up to 52 weeks of the incubation
period [23].

Bis-GMA is one of the primary sources of BPA release from dental resin materials.
Therefore, several research studies proposed a new formulation (using non-BPA dimethacry-
lates) to replace Bis-GMA monomer in resin formulations to reduce human exposure to BPA
derivatives [9]. As such, urethane-dimethacrylate (UDMA), another typical dimethacrylate
monomer applied in dentistry, has been used to replace Bis-GMA as the base resin of
dental materials [24]. Unfortunately, UDMA-based resin had a critical limitation in its
higher volumetric shrinkage [25]. The higher volumetric shrinkage of UDMA-based resin
could lead to a more significant marginal gap between tooth and restorations, developing a
complex probability of secondary caries [26]. Therefore, alternative monomer compositions
of Bis-GMA were introduced to address the limitations of this product in terms of durability
and toxicity. One alternative to the methacrylate-based resin-matrix composites is a hybrid
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organoceramic, known as ORganically MOdified CERamic (ORMOCER®, VOCO, Cux-
haven, Germany), which is an ORMOSIL (Organically Modified SILicate). One of the best
important ORMOCER® characteristics is combining polysiloxane groups with photopoly-
merizable methacrylate groups covalently bonded to silica fillers [27-29]. The oxygen is
substituted by organic groups, developing in a three-dimensional polymerized material
with less organic matrix than the conventional resin-matrix composites. ORMOCER®
provides high biocompatibility due to the nonexistence of residual monomers, lesser poly-
merization shrinkage, high wear resistance, increased opacity, and enhanced handling
characteristics [30,31].

Because of the constantly increasing use of resin-matrix composites, consideration
should be paid to the relative biocompatibility of these dental restorative materials. There
is a growing need to link the gap between the worrying literature concerning the hazardous
effects and the reduced clinical investigations, which can only be accomplished by acquiring
knowledge about the leaching of compounds from resin-based dental materials.

This work aims to evaluate the BPA and Bis-GMA monomers released from six resin—
matrix composites using a sensitive liquid chromatography-tandem mass spectrometry
(LC-MS/MS) quantification method.

2. Materials and Methods
2.1. Resin Composites Used

Six resin composites were tested: five commercial resins and one experimental resin
from different commercial brands. The manufacturer specifications and composition of the
six resin-matrix composites are presented in Table 1.

Table 1. Composite materials specifications.

Filler by Filler Water Water
Resin Brand Manufacturer Composition Weight Dimension Sorption Solubility
(%) (um) (ug/mm®) (ug/mm®)
vVOCO
s ® ’ ® . .
ARt Admira Cuxhaven, ORMOCER® resin, SiO, 84 251t03.0 134 <0.1
Fusion G Ba-Al-B-Si-glass fillers
ermany
UDMA, TCDDMA, no
Enamel Plus Micerium SpA co-monomers, and no
BE' HRI BIO PA Bis-GMA glass filler, high 74 0.2t0 3.0 15.27 0.31
. Avegno, Italy . A
Function dispersion silicon
dioxide, fluorine
Coltene-
NC Experlmental Whilledent, na na na na na
resin Altasatten,
Switzerland
Coltene- Bis-GMA*, TEGDMA,
BRILLIANT Whaledent, Bis-EMA*, ZnO,
BE EverGlow™ Altdsatten, Amorphous 79 041007 151 <01
Switzerland silica fillers
Ivoclar Bis-GMA*, UDMA,
IPS Vivadent, TCDD, Ba-Al-Si-glass,
ED Empress Direct Schaan YbF3, Si0O, / ZrO,, MO, 78 01t00.3 156 <01
Liechtenstein Nanomodifier
Bis-GMA*, UDMA,
Filtek™ 3M ESPE, MN, TEGDMA, Bis-EMA*,
FS Supreme XTE USA Zr0, /Si0O, cluster 725 0.6 to 20 na na

SiO, nano-scale fillers

(*) indicates BPA and Bis-GMA free; (*) indicates BPA-based monomers. Abbreviations: n.a.: not available;
Bis-GMA: bisphenol A diglycidyl methacrylate; Bis-EMA: ethoxylated bisphenol A dimethacrylate; TEGDMA:
triethylene glycol dimethacrylate; UDMA: urethane dimethacrylate;, TCDDMA: tricyclodecane dimethanol
dimethacrylate; TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin.
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composite
syringe

2.2. Chemicals and Reagents Used

Standards of Bisphenol A (BPA) (CAS- 80-05-7), Bisphenol A-glycidyl methacrylate
(Bis-GMA) (CAS- 1565-94-2), and Bisphenol A dimethacrylate- Bis DMA (CAS- 3253-39-2)
were from Sigma Aldrich (St. Louis, MO, USA); the acetonitrile and ethanol HPLC gradient
grade were from Fisher Scientific (Loughborough, UK); formic acid 98-100% was from
Merck (Darmstadt, Germany); ammonium acetate (97% purity) was purchased from Ap-
pliChem Panreac ITW Co. (Barcelona, Spain); and methanol (LC-MS grade) was purchased
from VWR. Ultra-pure water grade was supplied by an SG Water System (Ultra Clear UV
model). BPA and Bis-GMA stock solutions were prepared at 1 mg/mL in ethanol and
stored at —20 °C in amber glass flasks.

2.3. Preparation of Resin Composite Samples and Eluates

Specimen disks (6 mm diameter and 2 mm thickness) were prepared in a stainless-steel
mold. A glass plate covered the top and bottom to limit oxygen inhibition, ensure smooth
surfaces, and avoid excess material. Samples were polymerized for 20 s by light-curing
using an LED light-curing unit (Celalux 3, High-Power LED curing-light; VOCO, Cuxhaven,
Germany) at an average of 1300 mW /cm?, 450/480 nm. Prior to each polymerization, the
power of the equipment was confirmed through the radiometer. Grinding was carried
out under standardized conditions to simulate the clinical procedures in dental practice.
Each resin composite sample was polished using silicon carbide (SiC) abrasive paper of
2400 Mesh. Each disc had its abrasive paper to avoid contamination with BPA-containing
particles from previous experiments. An electronic caliper (Mitutoyo, Tokyo, Japan) was
used to confirm the precise and equal sizes of the disks (Figure 2).

light-curing unit

Y h
? electronic caliper
glass plate ‘ . i
~
— composite sample ‘ ‘

Silicon carbide (SiC)

| abrasive paper

stainless-steel
mold

e

Figure 2. Schematic illustration of composite sample preparation (d-diameter; h-height).

Consequently, the disks (n = 5 for each composite type) were immediately immersed in
1 mL of a 75% ethanol-water solution in a sealed amber glass vial. To ensure that the entire
surface of the disc was in contact with the solution, the disc was held by a fisherman’s
string and held in suspension in the solution (Figure 3).
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Figure 3. Schematic representation of the release assay.

A control assay was also performed using just the fisherman'’s string, putting it into
a vial with 1 mL of 75% ethanol-water solution. All the samples were incubated at 37 °C
(Optic Ivymen system, COMECTA), and, at each 24 h (for seven days), the 75% ethanol-
water solution was replaced with a fresh solution. All samples were stored at —20 °C until
analysis by Liquid Chromatography (LC) analysis.

2.4. High-Performance Liquid Chromatography with UV and Fluorescence Detection
(HPLC-UV/ED) Analysis

In the first approach, the samples were analyzed by High-performance liquid chro-
matography with UV and Fluorescence detection (HPLC-UV/FD). A Shimadzu Prominence
UFLC System (Shimadzu Corporation, Tokyo, Japan) was used. It was composed of a
degasser DGU-20A5, two LC-20AD pumps, a SIL-20AC autosampler, a CTO-20AC column
oven, and a CBM-20A System Controller. An SPD-20A UV detector (set at 230 nm) and
an RF-10AXL fluorescence detector (set at 225 nm and 310 nm for excitation and emission
wavelength, respectively) were coupled to the LC system. All of the system was controlled
using the LC Solution software (V. 1.24 SP1, Shimadzu). Chromatographic analysis was
performed in a Luna PFP2 (150 x 4.6 mm, 3 pm) column from Phenomenex (Torrance,
CA, USA) operating at 40 °C in a gradient mode at a flow rate of 0.8 mL/min. The mobile
phase consisted of A) 0.1%Formic acid (in water) and B) Acetonitrile (with 0.1% formic
acid). The gradient was as follows: 0—6 min 55%A:45%B; at 10 min 20%(A):80%(B) and
remained at this condition until 25 min; and at 26 min the pump returned to the initial
condition (55%A:45%B) and remained at this condition for 10 min to stabilize the column
for the next injection. The injection volume was 20 uL.

2.5. LC-MS/MS Analysis

Sample analysis was performed by an HPLC system Waters Alliance 2695 (Waters,
Milford) interfaced to a Quattro Micro triple quadrupole mass spectrometer (Waters, Manch-
ester, UK). The chromatographic separation was achieved using a Kinetex C18 2.6 um par-
ticle size analytical column (150 x 4.6 mm) with a Phenomenex pre-column (Tecnocroma,
Portugal) at a 200 pL/min flow rate. The column was kept at 30 °C and the autosampler
was maintained at room temperature (£25 °C), Figures S1 and S2 in the supplementary
material. In isocratic mode, the mobile phase consisted of 90% MeOH and 10% aqueous
solution of 5 mM ammonium acetate (pH 5). The total run time was 15 min. The sample
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injection volume was 10 pL. The MS/MS acquisition was operated in negative-ion mode
with multiple reaction monitoring (MRM); the collision gas was argon 99.995% (Gasin, Por-
tugal) with a pressure of 2.9 x 10~3 mbar in the collision cell. Capillary voltages of 3.0 KV
were used in the negative ionization mode (Table 2). Nitrogen was used for desolvation
and cone gas at the flow of 350 and 60 L/h, respectively. The desolvation temperature was
set to 350 °C and the source temperature to 150 °C. Dwell times of 0.1 s/scan were selected.
The data were collected using the software MassLynx4.1.

Table 2. Selected reaction monitoring (SRM) parameters for tandem mass spectrometry analysis of
target analytes.

MRM Transition Collision Energy
Compound (ml2) Cone Voltage (V) V)
227 >133 35 25
BPA 222 >211 40 30
513 > 277 30 11
Bis-GMA 513 > 427 30 11
513 > 496 30 11

For quantification, individual standard calibration curves were performed for BPA and
Bis-GMA monomers at the concentrations of 0.2, 0.4, 0.8, 3.2, and 6.4 ng/mL and 0.4, 0.8, 1.6,
12.5 and 25,0 ng/mL in 75% ethanol-water solution, respectively. The calibration curves
were obtained by linear regression corresponding to the correlation between the peak area
and the nominal concentration by external calibration. Quality control was also used for
both monomers, at 1.6 ng/mL for BPA and 6.4 ng/mL for Bis-GMA, to evaluate method
accuracy and precision. The limit of detection (LOD) and limit of quantification (LOQ) were
determined by the signal-to-noise ratio (5/N = 3 for LOD and S/N = 10 for LOQ).

3. Results
3.1. HPLC-UV/FD Analysis

In the first approach, the sample release was analyzed by LC with UV (Figure 4) and
FD (Figure 5) detection. The chromatographic analysis demonstrated the different chemical
patterns between the resins (Figures 4 and 5). BPA and Bis-DMA were not detected in any
of the six composite materials, but the chromatograms indicated the occurrence of Bis-GMA.
Due to the poor selectivity and sensibility of the HPLC-UV /FD method for quantifying
BPA and Bis-GMA monomers, an LC-MS/MS method was established to monitor the
release studies.

The target monomers were quantified by LC-MS/MS through a validated method
considering the following parameters: selectivity, linearity and range, LOD, LOQ, accuracy,
recovery, and precision. The injection of the reconstituted extracts gave a coefficient of
determination between 0.9914 and 0.9986 for BPA and Bis-GMA (Table 3). No carryover was
observed. The LOD was 0.06 ng/mL and 0.03 ng/mL for BPA and Bis-GMA, respectively,
while the LOQ was 0.2 ng/mL and 0.1 ng/mL, respectively. The method presented accuracy
close to 100%.



Separations 2023, 10, 455 7 of 14

uv

5600000 -]
5000000
4500000
4000000
A A S — a)
3500000 \ | \ 2
|u i - B - = 4 I ~ — b)
3000000 { h -
'n e B _ 9
2500000 \/ |
R AL W S N A\ . d)
2000000 \ l;’ —n ~ ~ T —
R [ SESV—— - e o — e)
1500000 - { e—— o .
' A - f)
1000000 2 === F—
500000 - - — — 8)
) __h
BPA Bis-GMA  Bis-DMA
00 t 25 Y 5‘0 t 7‘5 Y I((':0 ' |7I5 Y 1150 |7|5 Y 200 ‘??IS Y 250 Y ‘77‘5 Y 300 s I37‘5 Y min
Figure 4. Chromatograms profile from the resin samples after 24 h immersed in 1 mL of a 75%
ethanol-water solution: (a) Control; (b) BE; (c) FS (d) ED; (e) AF; (f) BF; (g) NC; (h) standard (BPA,
Bis-GMA, and Bis-DMA) mixture at 50 ug/mL; obtained using UV detection at 230 nm.
| |
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Figure 5. Chromatograms profile from the resin samples after 24 h immersed in 1 mL of a 75%
ethanol-water solution: (a) Control; (b) BE; (c) FS; (d) ED; (e) AF; (f) BF; (g) NC; (h) standard (BPA,
Bis-GMA, and Bis-GMA) mixture at 50 pug/mL; obtained using FD at Aex of 225 nm and Aem of
310 nm.
Table 3. Method validation parameters.
LOD LOQ Range Linear Quality Accuracy
(ng/mL) (ng/mL) (ng/mL) Regression v Control (%)
8 8 (ng/mL) ’
BPA 0.06 0.2 0.2-6.4 y =1804.1x — 314.55 0.9914 1.6 [92.52-105.9]
Bis-GMA 0.03 0.1 0.4-25 y =2539.2x — 852.62 0.9986 6.4 [82.60-122.7]

LOD—Limit of detection; LOQ—Limit of quantification.

3.2. BPA and Bis-GMA Leaching Experiment

The concentration of eluted monomers (BPA and Bis-GMA) from the six resin-based
dental materials quantified by the LC-MS/MS validated method is shown in Figure 6 and
Table 4.
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Figure 6. Released concentration of Bis-GMA from resin-based dental materials during five days (AF,
BF, NC) and 7 days (BE, ED, FS), expressed in mean =+ SD (n = 5).
Table 4. Released concentration of BPA and Bis-GMA from resin-based dental materials over a period
of 5 and 7 days. Values are expressed as mean + SD (1 = 5).
Concentration Released by Day (ng/mL) (1 = 5)
Total Total
Sample 1 2 3 4 5 6 7 Released  Released
(ng/mL) (ng/mm3)
AF BPA ND ND ND ND ND - - ND ND
Bis-
CMA ND ND ND ND ND - - ND ND
BF BPA ND ND ND ND ND - - ND ND
Bis-
CMA ND ND ND ND ND - - ND ND
NC BPA ND ND ND ND ND - - ND ND
G}?\/IISI_A 0.53 + 0.05 0.41 + 0.05 <LOQ <LOQ <LOQ - - 0.94 0.02
BPA ND ND ND ND ND ND ND ND ND
- Bis- 15.46 + 3.94 496 +1.04 3.22 £0.62 1.88 +0.19 6.51 £+ 0.53 4.00 & 471+ 40.75 0.72
GMA ’ ’ ’ ' ’ ’ ’ ’ ’ ’ 0.43 0.39 ’ ’
BPA ND ND ND ND ND ND ND ND ND
B B oo 1014007 074+009 05340085 0954006  OTLE 0.76 = 8.30 0.15
GMA ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 0.042 0.057 ’ ’
BPA ND ND ND ND ND ND ND ND ND
ED Bis- 33.46 £+ 3.97 7.09 +1.21 4.35 + 0.66 2.38 +£0.29 8.95 + 2.55 5.22 & 5.98 + 67.43 1.19
GMA ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 0.64 0.60 ’ ’

ND—not detected.

BPA was not detected in any sample, even in the Bis-GMA resin-based samples
(Figure 6 and Table 4).

As shown in Figure 6 and Table 4, only on day one was an important amount of
Bis-GMA released from ED > BE > FS resins. The concentration decreased significantly over
the following days, but the release persisted during the seven days. The ED and BE had
similar behavior in the following days, but the FS presented the lowest and most constant
Bis-GMA release.
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Regarding Figure 6 and Table 4, sample analysis was only performed for the first
five days for the AF, NC, and BF resins because the results remained practically null and
constant regarding the release of Bis-GMA since day 3.

To our knowledge, no release studies were performed on the composite NC, an
experimental brand resin-based material considered BPA-free. Despite the fact that this
method was not able to detect any concentration of BPA, a minimal concentration of
Bis-GMA was detected on days 1 and 2, as shown in Figure 6 and Table 4.

4. Discussion

The present study evaluated the leaching of BPA and Bis-GMA from six different resin-
based dental materials. For that, a simple analytical method, without pre-concentration
and/or derivatization of BPA, was established for monitoring the release of BPA and
Bis-GMA in in vitro studies using a non-toxic matrix.

In vitro studies are important in analyzing human substances released because they
can produce better or worse conditions while identical [23]. Several solvents, such as
artificial saliva, distilled water, ethanol, methanol, and acetonitrile, have been used in
studies considering the elution of monomers [32-34]. The results of previous reports have
revealed that the type of solvent affects the amount of eluted monomer from a composite
resin [35]. The oral cavity presents an environment between water and more aggressive
solvents (ethanol, methanol, acetonitrile) [36]. Ethanol and ethanol /water mixtures can
infiltrate the methacrylate polymer network, causing more sorption and swelling [37].
Moreover, a mixture of 75% ethanol and 25% water is not toxic for the operator in the
laboratory and is considered environmentally friendly. The United States Federal Drug
Administration recommends a 75% ethanol-water solution as a clinically relevant food-
oral simulating liquid, and it has been used in several studies [38-42]. Furthermore, other
authors reported that water is more similar to saliva, which would reproduce saliva and
dentin fluid, the latter being the path to the dental pulp [43]. Therefore, a 75% ethanol-water
solution was used in this study.

Dental resin-based materials generally consist of methacrylate monomers, inorganic
filler particles (dispersed phase), photoinitiator systems, and other minor additions, in-
cluding stabilizers and pigments [44,45]. Initially, the resin-based composite was based
on a derivative of BPA, Bis-GMA, the most common monomer in contemporary resin
materials [46]. Reducing polymerization shrinkage and enabling cross-linking during poly-
merization are among the advantages of Bis-GMA [47]. However, the Bis-GMA molecule is
quite viscous at room temperature due to its hydroxyl groups, which increase its polarity
and cause intermolecular interactions. For clinical purposes, the monomers are converted
into polymers by addition polymerization, initiated mainly by light-curing. As a result,
patients may be exposed to non-polymerized ‘residual’ monomers and their potential
degradation products, which can leach out of composite restorations into the mouth [48,49],
a process that may be accelerated by biodegradation [50] and may result in adverse health
effects [51,52]. Of these, the endocrine-disrupting effect of BPA has received particular
interest. Most studies monitored the release of BPA and neglected the Bis-GMA, claiming
that BPA can be found in dental composites, present as an impurity from the synthesis
process and/or possibly as a degradation product of BPA-based monomers [53,54] since
BPA itself is not an intentional ingredient [55]. Another reason is the estrogenic effects
reported for BPA but not Bis-GMA [56,57]. Although studies focus mainly on BPA, which is
usually not quantified or is quantified at low concentrations, toxicity may be associated with
its derivative, Bis-GMA, and other analogs. Leachable Bis-GMA monomer is considered
cytotoxic and inflammatory [34,58]. In addition, high Bis-GMA doses have been associated
with increased uterine wet weight and uterine collagen content in ovariectomized rats and
reduced fertility in male rats [59,60].

In this work, the release was monitored by LC with a different type of detection
method, but only LC-MS/MS allowed suitable conditions for the quantification of BPA
and Bis-GMA. Regarding the release from the six target resin—-matrix composites, the
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chromatograms illustrated in Figures 4 and 5 show that the profile differs according to
the resin type. The quantification by the validated LC-MS/MS method demonstrated that
BPA release was lower than the LOD (0.06 ng/mL) from all the samples over seven days
after incubation of the composite samples with 75% ethanol-water solution (Figure 6 and
Table 4) while Bis-GMA was released in detectable amounts from four of the six analyzed
samples: ED > BE > FS, and the NC sample, an experimental resin called BPA-free. Higher
concentrations of Bis-GMA were detected in the first few days, followed by a consistently
lower release in the following days for ED > BE > FS. However, for the NC sample, the
presence of Bis-GMA was detected just in the first two days (Figure 6 and Table 4). Bis-
GMA was quantified in levels of up to 33.46 ng/mL (ED) on the first monitoring day, a
decrease in concentration was observed until day 4 (BE, FS, and ED). A slight increase in
the concentration level was observed on the fifth day, followed by a trend to decrease in
the following days. According to Nys et al. [61], one possible explanation for the absence
of BPA is the recent development of new filler technology that binds more free resin than
standard fillers, which could hinder the release of monomers and BPA. Thus, the presence
of a BPA-based monomer in the raw material does not necessarily specify that BPA will
be released in visible amounts from this material after light-curing. In addition, this may
point out the demand for even more sensitive detection procedures [61].

The concentration of BPA-based monomers can explain the differences between the
composites in the resin and their physicochemical properties (solubility in the 75% ethanol-
water solution). Furthermore, the extent and rate of elution of components from composites
are dependent upon the degree of conversion (DC) of monomers, the composition and
solubility characteristics of the extraction solvent, and the size and chemical characteristics
of the leachable species [62]. DC depends mainly on intrinsic factors, such as the chemical
structure of the resin, and extrinsic factors, such as polymerization conditions [63]. To
minimize sources of error, only a fully charged light-emitting diode (LED) device could be
used for each material, which is common in daily dental work and superior to a halogen
light-curing unit [64]. In addition, custom-made polymerization stands were used to
ensure that the exact distance was maintained. It has been reported that the DC of light-
polymerized resin materials is 55-80% [23,62]. There is an inverse correlation between
DC and the amount of eluted monomer. The greater the extent of the polymerization
reactions, the fewer residual monomers are available to elute [65]. Time is also a significant
factor in monomer elution. Some studies have reported that acute monomer release occurs
within 24 h [23,66]. However, some recent works have shown that monomer elution is
not completed within the first 24 h and that leaching on specific monomers continues
longer [23].

Finishing and polishing are also essential for eliminating the resin-rich outer layer that
may be the source of unreacted monomers eluted in the oral cavity [67]. Several studies
have shown different finishing and polishing procedures, such as using 12-point carbide
finishing burs and Sof-Lex discs [68], which are advocated for providing the smoothest
surface [68]. Therefore, they were not preferred in this study. Instead, we chose grounding
at 2400 Mesh using SiC abrasive papers (Figure 2). Each disc had its abrasive paper to
avoid contamination with BPA-containing particles from previous experiments. However,
further in vitro investigations can focus on monomer elution using different restorative
materials and finishing polishing techniques. In addition, BPA released in the oral cavity
may be lower because deeper layers are often not in contact with saliva.

On the other hand, an oxygen-inhibited layer is present on the restoration surface. If
not removed by finishing and polishing, it could increase BPA release compared to this
in vitro study, where oxygen inhibition of polymerization was avoided by polymerizing
the specimens through glass slides [69]. According to the literature, the elution of residual
monomers was higher if finishing and polishing were not performed [67].

The analytical methods used in several studies may needed better specificity and
sensitivity to guarantee precise detection and quantification of low levels of BPA [70], as
illustrated by the high limit of detection (i.e., 100 ng/mL) reported by Noda et al. [71].
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On the other hand, more information about the long-term release [72]. Typically, samples
are incubated for long periods without renewal of the incubation solution at equal time
intervals [73,74]. In contrast, in a study developed by Putzeys et al. [52], the long-term
release of BPA-based monomers was determined in a setup with equal-interval solvent
change with the release of specific monomers after an incubation period of 52 weeks.
The major disadvantage of this non-specific approach is the loss of sensitivity. There is a
discrepancy between different reports, which the low BPA concentration for detection can
explain—either the actual absence of BPA or due to a minimal amount of BPA and BPA-
based monomers in the resin. In the present study, the sensitivity of LC-MS/MS method
analysis is reflected in the low LOD (0.06 ng/mL), which has a reasonable sensitivity
compared with other studies. It is also important to appeal to the consideration that
quantification by GC/MS may overestimate the BPA release from resin composite due to
the heat used in GC/MS and the thermal stability of Bis-GMA [75]. However, making
direct comparisons and drawing conclusions is not straightforward because the studies are
not standardized. The differences in the composition of the resin-matrix composite could
result in inconsistency in the release of the quantity and type of monomers.

5. Conclusions

This report described a simple, sensitive, and accurate method to detect low levels
of BPA and Bis-GMA released from resin-based dental materials in a 75% ethanol-water
solution. The results indicate that, if it is present, BPA release is below the LOD of the
method. However, Bis-GMA was quantified in levels of up to 33.46 ng/mL on the first
monitoring day. Bis-GMA was detected even in the NC sample, an experimental resin
called “BPA-free”. Continual monitoring of in vitro and in vivo studies may be helpful
to improve the quality of the resin composites and to stimulate, even more, the clinical
application of BPA-free composites used in dental treatments, especially in young patients
with esthetic and functional rehabilitation such as in cases of maxillary lateral incisors
agenesis.

BPA-free resins are a good option, and the brands studied and marketed show that
they are also free of BPA derivatives such as Bis-GMA. However, further studies are needed
regarding other monomers also derived from BPA.
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