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Abstract

Background: Bisphenol A (BPA) is a chemical compound of concern in pediatric
dentistry. Demand for BPA-free dental materials reflects concern about BPA health
risks for children. In this study, seven different dental pediatric restorative materials
(Cention Forte Filling Material, Equia Forte HT Fil, Stela Self Cure, Riva Light Cure,
Riva Self Cure, Fuji IX GP Fast and Cention Primer) were evaluated for BPA release.
Methods: Disks (10 mm diameter and 2 mm thickness; n = 3 for each material) were
prepared following the manufacturers’ instructions and immersed in buffer solutions at
pH 4.8, 6.8, and 8.8. Samples were stored at 37 °C and 44 °C for 1, 7, and 28 days
and then analyzed using high-performance liquid chromatography (HPLC) coupled with
mass spectrometry (MS). Results: BPA release was highest under acidic conditions at
44 °C, particularly after 1 day of exposure. Cention Primer exhibited the highest BPA
release, with a peak concentration of 1.31 + 0.17 ug/L after 1 day at 44 °C in acidic
conditions. Stela Self Cure followed, with 0.51 £ 0.10 pg/L under the same conditions.
Under neutral and basic conditions, no BPA release was observed, except for Cention
Primer. Conclusions: Within the limitations of this in vitro study, BPA release from
pediatric restorative materials is time- and pH-dependent. The results reflect short- to
medium-term behavior (up to 28 days) and cannot be extrapolated to long-term clinical
safety. These findings underscore the clinical importance of minimizing BPA exposure
in children by preferring BPA-free restorative options whenever possible.
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1. Introduction

Resin-based dental filling composites are polymeric restorative
materials that are commonly employed for a range of different
applications in pediatric dentistry [ 1, 2]. Indeed, modern tooth-
colored resin composites have fully replaced silver amalgam
fillings in posterior teeth [3]. Despite this, the incomplete pho-
topolymerization of these materials associated with shrinkage
and risk of debonding under functional loading and secondary
caries are not still minor problems [4].

Adhesive interfaces gaps of dental restorations occur due
to volumetric polymerization shrinkage, which ranges from
1% to 4.5% [5]. In addition, several factors contribute to the
prevalence of residual stresses during the composite cure [6].

Resin-based dental filling composites consist of various
molecular weight monomer’s mixture integrated with inor-
ganic nano-filler particles [7, 8]. Research has shown that they
are susceptible to biodegradation. Bacterial enzymes found in
saliva can break the ester bond in acrylic polymers, a crucial

process at the resin-dentin interface [9—11]. Due to irreversible
hydrolysis, the resin-dentin interface may break down, leading
to the potential development of secondary caries, early restora-
tion failure, and dental restorations replacement [12, 13].

Despite the increasing popularity of resin-based dental fill-
ing composites, concerns about the release of toxic molecules
such as Bisphenol-A (BPA) and its derivatives have attracted
the attention of scientists, pediatrics, and patients [14—16]. Af-
ter light curing, residual methacrylate monomers are released
from these dental materials mainly within the first 1 day in
the local environment [17, 18]. Chemical degradation occurs
due to hydrolysis and enzyme-induced catalysis by human
salivary esterases and dietary oral fluids [19, 20]. Brushing,
occlusal sliding, and abrasion are the main wear paths of resin-
based dental filling composites. In addition, the incomplete
polymerization of resin-based composites can increase these
adverse physic-chemical effects mainly in posterior areas [21].

At the cellular level, toxic substances can trigger
oxidative stress, impair mitochondrial function, and promote
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inflammatory pathways, ultimately compromising cell
viability and tissue homeostasis [22]. BPA is an organic
compound used in the synthesis of polycarbonate, epoxy,
and methacrylate matrix materials for a variety of industrial
and domestic plastic applications [23, 24]. Resin-matrix
composites used in dentistry contain BPA derivatives in their
organic matrix components, such as bisphenol A diglycidyl-
methacrylate (Bis-GMA), bisphenol A dimethacrylate (Bis-
DMA), 2,2-bis(4-(2-Methacryl-oxyethoxy) phenyl) propane
(Bis-EMA), and propoxylated bisphenol A dimethacrylate
(Bis-PMA).

Due to its structural similarity with some hormones, BPA
can bind to various receptors [25, 26] and acts as an endocrine
disruptor [27]. Therefore, it has been associated with repro-
ductive, developmental, metabolic, and other disorders [28—
30]. Exposure to BPA during prenatal and in pediatric stages
may be linked to the development of neurobehavioral traits
in children [31]. In addition to the exposure duration, the
exposure dose must also be considered, as BPA may have
greater effects at low doses than at high doses, without a
threshold dose, contrary to the traditional toxicological model
[32]. Bis-GMA is a major source of BPA release from resin-
based composite materials used as dental fillings products [33].
Lopes-Rocha et al. [33] investigated the BPA and Bis-GMA
residual release from various polymeric cured dental filling
materials. The importance of BPA release from Bis-GMA
has also been studied by Berge ef al. [34]. Several studies
proposed new formulations (utilizing non-BPA dimethacry-
lates) to replace Bis-GMA monomers in resin composites to
reduce human exposure to BPA derivatives [8]. Therefore,
urethane-dimethacrylate (UDMA), a dimethacrylate monomer
commonly used in dentistry, has focused as an alternative
to Bis-GMA in resin-based composite materials for dental
fillings in anterior and posteriors [35, 36]. In alternative, acid-
base dental filling materials, partially resin modified, such
as GIC (glass ionomer cement) and Alkasite named, have
been introduced to reduce the presence of Bis-GMA and the
risk of BPA release [37]. In addition to BPA release, recent
studies have demonstrated that these materials are also capable
of releasing bioactive ions (Ca%*, F~, PO+, Sr?*), which
may contribute to remineralization processes and enhance the
protection of dental hard tissues [38, 39].

The European Food Safety Authorities (EFSA) reduced
the Tolerable Daily Intake (TDI) from 4 pg/kg/day to 0.2
ng/kg/day (20,000 times less than the last TDI) because of
possible BPA low-dose effects [16].

BPA is already abundantly present in the human environ-
ment, e.g., in food containers, mineral water bottles, ther-
mal papers, toys, medical devices. All the above-mentioned
sources can contribute to unintentional BPA ingestion under
the physical or chemical factors which can accelerate the re-
lease of BPA into food and beverages [40].

Pediatric patients represent a particularly vulnerable group
about BPA exposure, as children have higher metabolic sen-
sitivity to endocrine-disrupting compounds and lower body
mass, which may amplify systemic effects. Moreover, restora-
tive procedures are frequent in pediatric dentistry, and mate-
rials such as glass ionomer cements and resin-modified alter-
natives are routinely used in children. These factors justify
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the importance of specifically assessing BPA release from
pediatric restorative materials.

To study the BPA release of different polymeric and acid-
base filling dental materials employed in dentistry and mainly
in pediatric dentistry [41], it is necessary to conduct in vitro
experiments over extended times, as these materials are antic-
ipated to remain intact in the mouth for many years.

This in vitro study evaluated the short and long-term release
of BPA from differently formulated chemical restorative mate-
rials used to restore decayed teeth by means of a sensitive lig-
uid chromatography-tandem mass spectrometry (LC-MS/MS)
quantification method. The null hypothesis considered in the
present investigation was that only polymeric based dental
filling materials and not acid-based ones release BPA-derivates
under the test conditions.

2. Materials and methods

2.1 Sample type

Seven types of different dental restorative materials daily used
also in pediatric dentistry conveyed by specific capsules and
available on the market were analyzed. Details regarding
the selected materials and their compositions are outlined in
Table 1. Specimens were prepared according to the manufac-
turers’ instructions: Cention Forte Filling Material (Ivoclar),
Equia Forte HT Fil (GC Europe), Stela Self Cure (SDI), Riva
Self Cure (SDI), and Fuji IX GP Fast (GC) were prepared
using self-curing methods. Riva Light Cure HV (SDI), Cention
Primer (Ivoclar) were prepared using light curing (RADII-
CAL CX Collimated Led Curing Light SDI Germany GmbH)
for 20 seconds. The curing light unit had an irradiance of
1200 mW/cm? and was calibrated prior to use according to the
manufacturer’s recommendations. Cention Primer (Ivoclar)
was also included in the analysis, even though it is a primer
rather than a restorative filling material. Its inclusion was
justified by the fact that it contains Bis-GMA, unlike the
other tested products, and therefore was expected to release
measurable amounts of BPA. This material was therefore used
as an a priori positive control to confirm analytical method
sensitivity, validate BPA detection at low concentrations, and
provide a direct comparative reference for materials marketed
as “BPA-free”.

All materials were prepared using a stainless-steel cylinder
with a 10 mm diameter and a 2 mm thickness. Each specimen
was mixed by a 3M™ ESPE™ CapMix™ mixer (3M ESPE,
Seefeld, BY, Germany) for 10 s and immediately applied to
the cylinders. The samples were gently compressed with a
celluloid strip and a smooth condenser to prevent the formation
of air bubbles and to obtain a smooth and flat surface. After 5
minutes, they were removed, and the surface was polished with
800 grit abrasive paper using a water-cooled rotating polishing
machine (Ecomet 30, Buehler Ltd., Lake Bluff, IL, USA).

2.2 Testing conditions of the materials

The analysis was carried out using a procedure outlined
in a previous study [42]. Briefly, samples (n = 3 for each
material) were submerged in 50 mL of buffer solution at
three different pH values (4.8, 6.8, and 8.8) and incubated in
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Material Manufacturer Type Curing

mechanism
Cention  Forte Ivoclar (Schaan, Alkasite Self-curing with
Filling Material Liechtenstein) light-curing
(LT n. ZLO8SR) option
Cention Primer Ivoclar (Schaan, Self-etching Self-curing
(LT n. Z044W5) Liechtenstein) primer

Stela Self Cure

TABLE 1. Composite tested materials specifications.

SDI (Victoria,

Resin-based

(LT n. 1241269) Australia) restorative
material
Fuji IX GP Fast GC Corp (Tokyo, Glass
(LT n. 2311271) Japan) ionomer
Riva Light SDI (Victoria, High-
Cure HV (LT n. Australia) viscosity
1237227) glass ionomer

Riva Self Cure SDI (Victoria, Glass
(LT n. 1230955) Australia) ionomer
Equia Forte GC Europe Bulk fill glass
HT Fil (LT n. (Leuven, hybrid
2309201) Belgium)

Self-curing

Self-setting

Light-curing

Self-curing

Self-setting

Composition

Ca-fluorosilicate glass, Ba-Al silicate glass,
copolymer, Ca-Ba-Al fluorosilicate glass,
25-50% UDMA, 2.5-10% ytterbium trifluoride,
10-25% aromatic aliphatic UDMA, DCP and
PEG-400-DMA

HEMA, MDP, Bis-GMA, D3MA, ethanol,
methacrylate-modified polyacrylic acid, silicon
dioxide, potassium hydroxide, and
campherquinone
10-25% UDMA, 5-15% GDMA, 1-10% silica
amorphous, 3—-7% ytterbium fluoride, 1-5%
MDP

Alumino-silicate glass, 25-<50% Polyacrylic
acid, water, 5—<10% Tartaric acid

10-20% HEMA, 10-20% HEMA-phosphate
derivative, 1-10% GDMA, 1-7% DMAEMA,
1-5% tartaric acid, 0—-1% EDMAB, 0-1%
camphorquinone, 0—1% BHT, >90% glass,
oxide, 1-10% silica amorphous
20-30% acrylic acid homopolymer, 10-15%
tartaric acid, 90-95% fluoro aluminosilicate glass
95% fluoro aluminosilicate glass, 5% polyacrylic
acid powder, reinforced with silicate particles,
25-<50% polyacrylic acid, 5—<10% polybasic
carboxylic acid, 5-<10% tartaric acid

Bis-GMA: bisphenol-glycidyl methacrylate; UDMA: urethane dimethacrylate; DCP: Dicyclopropylidene; PEG: polyethylene
glycol; DMA: dimethylamine; HEMA: 2-Hydroxyethyl Methacrylate; D3IMA: 3-Dimethylaminopropyl methacrylamide; GDMA:
Glycidyl Methacrylate;, DMAEMA: N,N-Dimethylaminoethyl Methacrylate; EDMAB: Ethyl Dimethyl Amino Benzoate; LT n.: lot

number; MDP: 10-Methacryloyloxysidecyl dihydrogen phosphate; BHT: butylated hydroxytoluene.

temperature-controlled ovens (Precision Thelco, Thermo
Fisher Scientific, Waltham, MA, USA) set at 37 °C
and 44 °C. Buffer solutions were prepared to simulate
acidic, neutral, and basic environments. Specifically, for
the acidic condition, a 1 M acetic acid/sodium acetate
buffer (CH3COOH/CH3COONa-3H;0) was prepared at
pH 4.8. For the neutral condition, a phosphate-citrate
buffer was formulated at pH 6.8 using sodium hydrogen
phosphate (NayHPO4) and citric acid monohydrate
(CgHgO7-H20). For the alkaline condition, a 1 M
Tris(hydroxymethyl)aminomethane  hydrochloride  (Tris-
HCI) buffer was prepared at pH 8.8 using Tris (C4H;11;NO3)
in combination with hydrochloric acid (HCI). The materials
were immersed in the corresponding solutions for 1 day, 7
days, and 28 days before being transferred to glass vials for
further analysis.

Each of the seven tested materials was evaluated under
three pH conditions (4.8, 6.8, and 8.8) and two temperature
conditions (37 °C and 44 °C), at three different time points (1
day, 7 days, and 28 days). The pH of each buffer solution
was recorded immediately before specimen immersion and re-
measured at each collection interval (1, 7, and 28 days) to

confirm stability of the experimental conditions.

The pH values were selected to simulate clinically relevant
oral conditions: pH 6.8 represents the physiological salivary
pH; pH 4.8 reproduces acidic challenges associated with bacte-
rial metabolism and dietary acids; and pH 8.8 reflects alkaliniz-
ing conditions linked to salivary buffering and urea metabolism
[43, 44]. Similarly, 37 °C corresponds to the average intraoral
temperature, while 44 °C was included to simulate transient
elevations caused by consumption of hot beverages or febrile
episodes [45, 46].

2.2.1 pH measurements

For pH determination, 5 mL of the soaking solution was
extracted from each sample and transferred to 15 mL Fal-
con tubes. The pH was measured using a digital pH meter
(Mettler Toledo-SevenExcellence pH/Cond meter S470-Std-
K, Giessen, HE, Germany), which had been calibrated prior to
use with standard buffer solutions at pH values of 4.0, 7.0, and
9.0. This calibration ensured accurate pH readings throughout
the analysis.



2.2.2 Evaluation of bisphenol A (BPA)

The BPA release was assessed using the methodology de-
scribed by Lopes-Rocha ez al. [33] (2023). In this approach, a
75% ethanol-water solution was used to as extraction solvent
for the qualitative and quantitative analysis of BPA by HPLC-
MS/MS, as well as for the preparation of the calibration.
Specifically, three samples of each material were immersed in
1 mL of the solution and incubated at either 37 °C or 44 °C
for varying durations: 1 day, 7 days, and 28 days. Qualitative
and quantitative analyses of the released BPA were performed
using high-performance liquid chromatography (HPLC) cou-
pled with mass spectrometry (MS) on a Thermo Scientific™
UltiMate™ 3000 UHPLC system (Dionex Softron GmbH,
Dornierstrasse 4, 82110 Germering, BY, Germany) connected
to a TSQ Fortis Triple Quadrupole MS.

For the separation of analytes, a Kinetex® C18 column was
used, maintained at 40 °C. The mobile phase consisted of
methanol (Phase A) and water (Phase B), both containing 0.045
mM ammonium hydroxide (NH4OH). The injection volume
was 20 uL, and the chromatographic system was operated
under gradient conditions at a flow rate of 0.150 mL/min.
The gradient program was as follows: from 0 to 2 minutes,
5% A and 50% B; at 8 minutes, 10% A and 90% B, and
this composition was maintained until 15 minutes. After
that, the mobile phase was returned to the initial condition
(50% A and 50% B) for column stabilization before the next
injection. The MS acquisition was performed in Multiple
Reaction Monitoring (MRM) mode, where collision-induced
dissociation (CID) of the precursor ions in the collision cell
generated characteristic product ions of the [M —H]™ molecule.
These specific ions, used for MRM detection, are listed in
Table 2.

For the quantification of BPA release, a standard calibration
curve was constructed using concentrations of 0.10, 0.25, 0.50,
1.0, 2.5, 5.0, and 10.0 pug/L in a 75% ethanol-water solution.
The calibration curve was generated through linear regression,
establishing a relationship between the peak area obtained from
the mass spectrometry analysis and the nominal concentra-
tion of BPA. This process involved external calibration using
deuterated standard Bisphenol A 416, ensuring that the analysis
reflected the true concentration of BPA in the sample.

To evaluate the sensitivity of the method, the limit of detec-
tion (LOD) and limit of quantification (LOQ) were calculated
based on the signal-to-noise ratio. The LOD was defined
as the concentration at which the signal-to-noise ratio (S/N)
was 3, while the LOQ corresponded to an S/N ratio of 10.
These values are essential for determining the minimum con-
centration of BPA that can be reliably detected and quantified
using this method. The use of these criteria ensures that the
analytical procedure is both accurate and capable of detecting
low concentrations of BPA in the samples.
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2.3 Statistical analysis

A priori power analysis was performed using G*Power (ver-
sion 3.1.9.7, Heinrich Heine University Diisseldorf, Diissel-
dorf, NRW, Germany) to determine the adequacy of the sample
size for detecting differences in BPA release across materials
and experimental conditions. Sample size estimation was
based on expected large effect sizes (Cohen’s f* ~ 0.55), a sig-
nificance level («) of 0.05, and a power of 80%. The analysis
indicated that three replicates per condition were sufficient to
detect statistically significant effects.

For the statistical analysis, STATA 14.0 software (StataCorp
LLC, College Station, TX, USA) was used. Descriptive statis-
tics were conducted to determine the mean concentrations,
standard error, and the minimum and maximum values for
each composite material. The Shapiro-Wilk test was used to
assess the normality of the BPA concentration data distribution.
Mixed-effects models (MEMs) were applied to evaluate the
effect of material, pH, temperature, and time on BPA release.
These variables were included as fixed factors, while specimen
ID was modeled as a random effect to account for repeated
measures. Two-way interactions among fixed factors were
tested (e.g., material x pH, material x temperature, pH X
time). Model assumptions were verified through residual
analysis. Post-hoc pairwise comparisons were adjusted using
the Bonferroni correction. The statistical significance of each
factor was assessed using the Wald test, with differences con-
sidered significant at p < 0.05.

3. Results

3.1 BPA release

The BPA release profiles for all materials were evaluated
across three distinct pH levels, two temperature conditions (44
°C and 37 °C), and at three different time points (1 day, 7
days, and 28 days). These results are presented in Table 3
and illustrated in Fig. 1. Additionally, the detailed results for
each material are shown in Figs. 2,3,4,5,6,7,8. Fig. | clearly
illustrates that the highest release of BPA was observed at 44
°C, with the greatest release occurring after just one day of
exposure under acidic conditions. Notably, the Cention Primer
material (represented by the green blocks in Fig. 1) exhibited
the highest BPA release, with a peak concentration of 1.31 +
0.17 ug/L, observed in an acidic environment after 1 day of
exposure at 44 °C. The Stela Self Cure material (orange blocks
in Fig. 1) followed in descending order of BPA release, with
the highest concentration recorded under the same conditions
(0.51 £ 0.10 pg/L). In contrast, under basic conditions, no
BPA release was detected at either temperature or across the
three exposure durations studied, with the only exception being
the Cention Primer material, which exhibited a minimal BPA
release (0.11 4+ 0.01 pg/L) after 1 day at 44 °C. Similarly,

TABLE 2. Mass spectrometry transition for acquisition in MRM mode (Multiple Reaction Monitoring).

Analyte Molecular Weight (g/mol)

BPA 228.29

BPA: Bisphenol A.

Precursor ion [m/z] [M — H]~

Production [m/z]
211

227.2 133
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TABLE 3. Average concentrations (1.g/L) with standard deviations (SD) observed for the different materials under
three different acidity conditions, at two temperatures (44 °C and 37 °C) and at three different observation times (1 day,

Parameters
pH Time
1d

48 7d
28d

1d

6.8 7d
28d

1d

88 7d
28d

T Cention
(°C) Forte Filling
44 0.31+0.07
37 <0.10
44 <0.10
37 <0.10
44 <0.10
37 <0.10
44 <0.10
37 <0.10
44 <0.10
37 <0.10
44 <0.10
37 <0.10
44 <0.10
37 <0.10
44 <0.10
37 <0.10
44 <0.10
37 <0.10

T: Temperature.

1.40
=
% 120
3
< 1.00
£
o 080
e
£ 060
)
£ o040
g
S 0.20
Q
©  0.00

Stela Self
Cure

0.51 £ 0.10
<0.10
0.11 £0.01
<0.10
<0.10
<0.10
0.11 £0.01
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10

1 DAY | 7DAYS |28 DAYS

7 days and 28 days).
Materials
Riva Light Riva Self Equia Forte Cention
Cure Cure Ht Fil Primer
021£0.07 031+£008 021+0.05 131=£0.17

<0.10 <0.10 <0.10 0.51 £0.10
<0.10 <0.10 <0.10 0.71 £ 0.09
<0.10 <0.10 <0.10 0.11 £ 0.02
<0.10 <0.10 <0.10 <0.10
<0.10 <0.10 <0.10 <0.10
<0.10 0.11 £ 0.01 <0.10 0.81 £0.13
<0.10 <0.10 <0.10 0.11 £ 0.01
<0.10 <0.10 <0.10 0.31 £0.09
<0.10 <0.10 <0.10 <0.10
<0.10 <0.10 <0.10 <0.10
<0.10 <0.10 <0.10 <0.10
<0.10 <0.10 <0.10 0.11 £ 0.01
<0.10 <0.10 <0.10 <0.10
<0.10 <0.10 <0.10 <0.10
<0.10 <0.10 <0.10 <0.10
<0.10 <0.10 <0.10 <0.10
<0.10 <0.10 <0.10 <0.10

@ Cention Forte Filling

m Stela Self Cure

Riva Light Cure
mRiva Self Cure
Equia Forte HT Fil
@ Cention Primer
# GC Fuji IX GP Fast
 — ! — = = —
ST

37 |44 37|44 37 |44 37 |44
1 DAY | 7DAYS |28 DAYS

1 DAY | 7 DAYS

Gc Fuji IX
GP Fast

0.11 £0.02
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10
<0.10

FIGURE 1. Comparison of BPA release (1:g/L) in all materials at 3 pH levels (4.8, 6.8, 8.8), two temperatures (44 °C and

37 °C), and at three different observation times (1 day, 7 days, and 28 days). BPA: Bisphenol A.
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under neutral pH conditions, BPA release was only detectable
after 1 day of exposure at the elevated temperature, further
reinforcing the influence of both temperature and pH on the
release profiles.

To gain a clearer understanding of the factors influenc-
ing BPA release, the pH variation of the materials was also
evaluated under different conditions. The results revealed
that under acidic conditions, all materials showed a slight
increase in pH of the buffer solution in which they were
immersed, approximately one unit, over time. In neutral pH
environments, an initial decrease in pH was observed, followed
by stabilization. For basic conditions, a brief decrease in
pH was followed by a return to baseline values. These pH
fluctuations suggest that while materials demonstrated some
sensitivity to environmental conditions, their overall pH stabil-
ity remained relatively consistent, which could influence BPA
release patterns.

Fig. 2 illustrates the BPA concentrations observed for the
Cention Forte Filling Material and the monitored pH varia-
tions. It is observed that under acidic conditions, the release
of BPA was observed only within the first 1 day at 44 °C
(0.31 &+ 0.07 pg/L), while the pH values varied from 5.02
to 591, with a mean value of 5.58 £ 0.31 (Fig. 2a). In
neutral and basic conditions, no BPA release was observed, as
the concentrations were all below the limit of quantification
(Fig. 2b,c). Regarding pH, minimal variations were also noted
in both conditions, with pH values ranging from 5.61 to 6.95
(average value of 6.33 £+ 0.50) for neutral conditions and
ranging from 6.85 to 8.23, with a mean value of 7.70 £ 0.52,
in basic environment.

The results obtained for the Stela Self Cure material are
presented in Fig. 3, showing the observed BPA concentrations
and pH variations. Notably, the highest BPA concentrations
were detected under acidic conditions at 44 °C after 1 day
(0.51 £ 0.10 pg/L) and after 7 days (0.11 4+ 0.01 pg/L). Under
these conditions, pH values ranged from 5.22 to 6.01, with an
average of 5.71 (Fig. 3a). In a neutral environment, where
pH values ranged from 5.71 to 7.05 (average 6.45 + 0.48),
BPA release occurred only after 1 day at 44 °C, while at other
exposure times, concentrations remained below the limit of

quantification (Fig. 3b). Finally, under basic conditions, with
pH values between 6.95 and 8.39 (average 7.82 £ 0.53), no
BPA release was detected (Fig. 3c).

The results obtained regarding BPA release and pH variation
for the Riva Light Cure material are shown in Fig. 4. In this
case as well, pH exhibited minimal variations, and BPA release
occurred only during short exposure times. Specifically, under
acidic conditions, the pH ranged from 5.12 to 6.03, with an
average value of 5.68 + 0.31. BPA release was observed
only at 44 °C after one day of observation, with an average
concentration of 0.21 + 0.07 ug/L (Fig. 4a). Conversely,
under neutral and basic conditions, with monitored pH values
ranging from 5.70 to 7.10 (average 6.45 + 0.52) and 6.93 to
8.39 (average 7.82 £ 0.53), respectively, no BPA release was
detected. Indeed, under all studied conditions, BPA concentra-
tions remained below the LOQ (Fig. 4b,c).

For the Riva Self Cure material, a release pattern like that
of the Stela Self Cure material was observed. The results are
illustrated in Fig. 5. Specifically, in addition to the highest
release recorded in acidic environment at 44 °C after 1 day
(0.31 £ 0.08 pg/L) (Fig. 5a), a slight release was also detected
under neutral conditions (pH = 6.8), with an average BPA
concentration of 0.11 £+ 0.01 pg/L (Fig. 5b). Regarding pH,
under acidic conditions, values ranged from 5.22 to 6.05, with
an average of 5.74 £ 0.29, while under neutral conditions, pH
ranged from 5.75 to 7.15, with an average of 6.51 &+ 0.51.
In basic conditions, with pH values between 7.08 and 8.40
(average 7.91 + 0.50), no BPA release was observed (Fig. 5c).

The Equia Forte HT Fil material, similarly to Cention Forte
Filling and Riva Light Cure, exhibited BPA release only under
acidic conditions at 44 °C after 1 day of exposure (0.21 £ 0.05
1g/L) (Fig. 6a). In neutral or basic conditions, no release was
observed (Fig. 6b,c). Regarding pH, under acidic conditions,
values ranged from 4.87 to 5.63, with an average of 5.25 +
0.26. Under neutral conditions, pH was in the range of 5.84—
6.48, with an average of 6.15 % 0.24, while in basic conditions,
it ranged from 7.08 to 8.05, with an average of 7.61 £ 0.39.

Unlike all other materials, the Cention Primer material ex-
hibited a higher BPA release (Fig. 7). Specifically, under
acidic conditions (pH = 4.8), a decreasing release trend was
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observed, with the highest concentration recorded at 44 °C
after 1 day (1.31 = 0.17 pg/L) and after 7 days (0.71 £ 0.09
wng/L) (Fig. 7a). Surprisingly, BPA release was also detected
at 37 °C, both after 1 day (0.51 £ 0.10 pg/L) and after 7 days
(0.11 £ 0.02 pug/L). Under these conditions, pH ranged from
5.28 to 6.12, with an average of 5.82 + 0.29. Another key
difference compared to all other materials was that BPA release
was also observed for Cention Primer under neutral conditions
(pH ranging from 5.79 to 7.17, with an average of 6.56 £ 0.49).
Notably, the highest release occurred at 44 °C after 1 day, with
a BPA concentration of 0.81 4= 0.13 pg/L, and after 7 days at
the same temperature (0.31 £ 0.09 pg/L) (Fig. 7b). Finally,
even under basic conditions (pH ranging from 7.11 to 8.58,
with an average of 7.96), a small BPA release was recorded at
44 °C after 1 day (0.11 &+ 0.01 pg/L) (Fig. 7¢c). This behavior
contrasts with all other materials, for which no BPA release
was ever observed under basic conditions.

Finally, the results obtained for the GC Fuji IX GP Fast
material are illustrated in Fig. 8. Regarding pH, under acidic
conditions (pH = 4.8), as observed for the other materials,
an increase of approximately one unit compared to the initial
value was recorded. Specifically, pH ranged from 5.42 to 6.23,
with an average of 5.93 4+ 0.29. Under these conditions, a
minimal BPA release was detected at 44 °C after 1 day (0.11
+ 0.02 pg/L) (Fig. 8a). Under neutral conditions, pH ranged
from 5.90 to 7.25, with an average of 6.68 + 0.51 (Fig. 8b),
while under basic conditions, pH values ranged from 7.28 to
8.67, with an average of 8.08 £ 0.51 (Fig. &c). In these latter
two conditions, no BPA release was observed.

The findings reveal that BPA release was highest under
acidic conditions at 44 °C, particularly within the first 1 day
of exposure. This pattern was observed across all materials,
emphasizing the role of elevated temperature and low pH in
promoting BPA release. Cention Primer exhibited the highest
release, with a peak concentration of 1.31 + 0.17 ug/L, fol-
lowed by Stela Self Cure (0.51 £ 0.10 pug/L). Notably, these
materials continued to release BPA after seven days, indicating
that prolonged exposure to acidic environments may further
enhance BPA migration.

In contrast, BPA release was either undetectable or minimal
under neutral and basic conditions across all materials. Except
for Cention Primer, none of the materials released BPA in
basic environments at any time point, highlighting their greater
stability in less acidic settings. Under neutral conditions, minor
BPA release was observed in a few materials, but only at
44 °C and essentially within the 1 day. Among all tested
materials, Cention Primer exhibited a distinct pattern, releasing
BPA under all pH conditions, including neutral and basic en-
vironments. This behavior contrasts with the other materials,
which released BPA exclusively in acidic conditions. These
results suggest that the chemical composition and properties of
Cention Primer contribute to its higher susceptibility to BPA
release. Additionally, materials such as Equia Forte HT Fil,
Cention Forte Filling, and Riva Light Cure displayed more
controlled BPA release, with no detectable levels under neutral
or basic conditions. This suggests that certain formulations
provide improved chemical stability, reducing the potential for
BPA exposure in clinical applications.

To better understand the factors influencing BPA release, the

study also examined pH variations. Across all materials, acidic
environments caused a slight pH increase of approximately
one unit over time, indicating a buffering effect. In neutral
conditions, pH initially decreased before stabilizing, while in
basic environments, only minor fluctuations were observed.
These findings suggest that while the materials interact with
their surroundings, their overall pH stability remains consis-
tent, potentially limiting BPA release in less acidic conditions.

3.2 Results of the statistical analysis

The statistical analysis demonstrated that BPA release from the
tested different dental restorative materials was significantly
influenced by the pH of the immersion medium and by the
duration of exposure. In contrast, temperature variations did
not show a statistically significant effect within the tested
conditions. More specifically, pH had a highly significant
impact on BPA release (p = 0.003), with the highest concen-
trations observed under acidic conditions, compared to neutral
and basic environments. Regarding exposure time, a strong
statistical association was found (p = 0.007), with BPA release
peaking at 1 day. After 7 days, a substantial reduction was
observed, and at 28 days, BPA levels were undetectable in
most materials. On the other hand, temperature (37 °C and 44
°C) did not have a statistically significant influence on BPA
release (p = 0.38), suggesting that thermal variation within
this physiological range does not significantly alter the release
behavior. The multivariate analysis confirmed the significant
role of pH and exposure time in modulating BPA release (pH
p = 0.003; time p = 0.007), with clear differences detected
between the various composite materials (p = 0.021). The
Shapiro-Wilk test indicated that the distribution of BPA release
values did not significantly deviate from normality. These
findings highlight the importance of environmental pH and
exposure time in determining BPA release from dental com-
posite materials, while temperature appears to exert minimal
influence under the experimental conditions tested.

4. Discussion

The present in-vitro study demonstrates that BPA release from
pediatric restorative materials is influenced mainly by pH and
time, with Bis-GMA—containing materials showing the highest
values. Beyond these quantitative results, the findings provide
important insights into the sources and clinical significance
of BPA exposure in children. Although BPA release from
resin-based composites has been extensively studied, there is a
relative paucity of data on materials specifically marketed for
pediatric use, despite the fact that children are more susceptible
to endocrine-disrupting compounds. This study therefore ad-
dresses an important gap in the literature by providing baseline
data on commonly used pediatric restorative materials.
Concerns have grown regarding the biocompatibility and
safety of resin-based dental filling materials, which are in-
creasingly used in the restoration of carious teeth in pediatric
patients [47]. These materials are exposed to various chal-
lenges, including thermal fluctuations, mechanical wear from
oral hygiene practices and chewing, chemical degradation due
to acidic foods and beverages, and enzymatic activity from oral



bacteria [48]. Such factors contribute to the gradual breakdown
of these materials, leading to the release of their components
into the oral environment. Furthermore, the polymerization
process used in resin-based dental materials, primarily trig-
gered by light curing, does not achieve complete monomer-
to-polymer conversion [49]. As a result, a portion of residual
monomers remains, with conversion rates ranging between
50% and 80% in resin composites, allowing the release of
unreacted monomers into the oral cavity. While the levels of
released substances are generally too low to cause systemic
toxicity, they have been associated with cytotoxic, genotoxic,
and allergic responses in certain cases [50]. One compound of
particular concern is BPA, an organic chemical classified as an
endocrine disruptor by the European Commission. Even at low
exposure levels, BPA has the potential to impact patient health,
making its presence in dental materials a subject of ongoing
scrutiny [51].

BPA release from commercially available pediatric dental
filling materials has already been reported in several in vitro
and in vivo studies [52]. BPA release from resin-based dental
materials has been described in the literature both in vitro
studies using organic solvents and artificial saliva and in clin-
ical studies using saliva and urine [53—57]. The data in the
literature show a great heterogeneity for this substance’s levels,
which vary from one study to another [58]. In fact, BPA
levels depend on analysis techniques, extraction solutions,
fixed detection thresholds, or other experimental conditions,
which make studies difficult to compare [59].

Resin based dental materials that are predominantly utilized
for the treatment of children and adolescents, including dental
filling restorative composites, orthodontic composites, bond-
ing agents, and tooth pit and fissure sealants, are the ones most
likely to include BPA-derived monomers, with occurrences of
83.8%, 78.7%, 63.2%, and 66.7%, respectively. Bis-GMA
was the most frequently identified BPA derivative at 56.2%,
except for resin-modified glass ionomer cements. Bis-EMA
follows as the second most common BPA derivative, appearing
in 28.1% of dental materials, across nearly all categories except
adhesives [59, 60].

In vitro studies are important for analyzing human sub-
stances because they allow for controlled conditions that can
be either enhanced or worsened while remaining identical in
other aspects [01].

The present investigation examined the release of BPA from
polymeric and acid-based dental restorative materials used in
pediatric dentistry under different pH and temperature condi-
tions. The results indicated that BPA release exists in different
percentage for all the investigated materials in the laboratory
conditions, but it is essentially concentrated at 1 day evaluation
stop and at acidic conditions and at 44 °C temperature. In the
other analyzed conditions, 7 days, and 28 days, not significant
or no BPA release was detected, except for Cention Primer.
The investigation showed that environmental factors influ-
enced the materials differently at day 1. While temperature
variations did not reach statistical significance (p = 0.382), a
numerical trend toward higher BPA release was observed at
44 °C, particularly in day 1. In contrast, acidic pH conditions
significantly enhanced release. The inclusion of 44 °C as a
testing condition was intended as an exploratory stress con-
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dition to reproduce short-term intraoral temperature increases
(e.g., following the consumption of hot beverages or during
episodes of fever). However, it must be emphasized that in
our study temperature did not show a statistically significant
effect on BPA release (p = 0.382). Therefore, the observed
numerical increase at 44 °C should be interpreted cautiously
and considered exploratory only, rather than as evidence of a
clinically relevant effect. All the materials examined showed,
looking at Fig. 1, at this temperature and acidic pH, a marked
difference at 1 day. This early peak reflects the diffusion of
unreacted monomers and is a common finding in both in vitro
and in vivo investigations. At 37 °C, no significant differences
were observed among the same materials except for Cention
Primer. At neutral pH, on the contrary, no differences were
scored at the different 1 and 7 days, in both the different
temperature conditions, except for Cention Primer material
again, which released measurable BPA, but at44 °C. Only at 28
days, at acid, neutral and basic pH, under the two investigated
temperature points, Cention Primer similarly behaves as the
other materials, with not significant BPA release. So, all
the materials at 28 days, independent of pH and temperature
conditions had no detectable BPA release. It should be noted
that the higher BPA release observed for Cention Primer was
not unexpected, as it is the only Bis-GMA—containing material
included in this study. Indeed, Cention Primer was considered
as a positive control to confirm the sensitivity and reliability
of our analytical method. Nevertheless, the added value of this
work lies in the precise quantification of release levels under
different environmental conditions using LC-MS/MS, and in
the comparison with other restorative materials marketed as
“BPA-free”. Since both polymeric and acid-based pediatric
dental restorative materials released BPA under test conditions,
the original null hypothesis is rejected. Fig. 1 also shows that,
in terms of BPA concentration release (ug/L), the highest score
was only observed at 44 °C in an acidic environment (pH 4.8),
at 1 day check, with Cention Primer (1.31 pg/L). Stela Self
Cure (0.51 pg/L), Cention Forte Filling (0.31 ug/L) and Riva
Self Cure (0.31 pg/L) showed lower percentage. The lowest
BPA levels were scored in Riva Light cure (0.21 pg/L) and in
Equia Forte HT Fil (0.21 pg/L), and finally in Fuji IX GP fast
(0.11 pg/L).

In the same pH conditions, but at 37 °C, the tested materials
did not show the same scores, but lower values, except for
Cention Primer, which still showed a relevant BPA release
of 0.50 ug/L. These findings are consistent with previous
studies showing that acidic conditions promote BPA release
by facilitating hydrolysis and degradation of resin matrices
[62, 63]. This highlights the importance of considering the
oral environment when selecting dental materials which may
differ substantially between children and adults or elderly
patients, as factors such as acidic beverages, dietary habits,
and fluctuations in salivary, pH may contribute to the release
of potentially harmful compounds.

The results suggest that, for Cention Primer, which is not a
true dental filling material, but a dentine primer (liquid) used
in combination with Cention Forte Filling to apply on dentinal
tissue before the second material, its chemical composition,
particularly the presence of Bis-GMA and other BPA deriva-
tives, contributes to its susceptibility to BPA release. The
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persistence of BPA release in this material also after 7 days,
in acidic pH and at 44 °C than 37 °C, can be suggested as
a point of study for further investigation focusing on long-
term stability and clinical implications. A comparison between
resin-based materials like Cention Primer and Cention Forte
Filling and Stela Self Cure, on one side, and real glass ionomer-
based materials like Riva Self Cure and Equia Forte HT Fil
and Fuji IX GP fast, on the other side, showed that in acidic
pH environment at 44 °C, all the tested materials, also if in a
different way, released BPA, but at different level. The first
mentioned resin-based dental materials released more BPA.
On the other hand, glass ionomer materials are more stable.
Looking at Fig. 1, at 7 days and 28 days, all the investi-
gated materials, not under varying temperature conditions,
showed no significant differences but residual BPA release
under neutral or basic conditions. These findings suggest that
glass ionomer materials may serve as a safer dental filling
restorative material in pediatric dentistry and as alternatives for
young patient’s dental therapies. According to the literature
[64, 65], while conventional resin based dental filling com-
posites release higher amounts of BPA, resin-modified glass
ionomers (RM-GICs) investigated in this study minimal and
not significant BPA release. However, it is now important to
consider the BPA contamination effect, already shown by De
Nys et al. [66], in various dental filling materials employed in
pediatric dentistry.

Although some of the pediatric dental restorative materials
investigated in this study do not contain Bis-GMA, the results
showed that small amounts of BPA were still released at several
time intervals. Looking at Table 1, which reflects data from
the different companies’ sheets, it is apparently a contradiction
to see no Bis-GMA or derivates in the composition of Equia
Forte, Riva Self Cure, Stela Self Cure and GC Fuji X GP Fast.
In fact, in Fig. 1, at day 1, mainly, but also at different timing,
it was scored the presence of BPA also for these last materials,
relatively lower for GC Fuji IX GP Fast, where theoretically,
it was not possible. This could be explained by the fact that
the plastic capsule technology that carry these dental filling
materials into the oral cavity could be able of contaminating
the single filling materials, during the preservation and storage
period, even before the capsule itself is activated and mixed.
The release of BPA by these plastic capsules would possibly
explain the contamination of those materials named by man-
ufacturers as BPA-free such as Stela Self Cure and Riva Self
Cure or those materials whose composition does not indicate
the presence of Bis-GMA or derivatives such as GC Fuji IX
GP Fast and Equia Forte. This consideration might be in line
with another literature remark according to which the main
components are not always indicated in the material safety data
sheet [67]. Indeed, for commercial reasons or to protect trade
secrets, manufacturers are sometimes reluctant to disclose all
the components of their products. Unlike pharmaceuticals,
there is currently no obligation to report the exact composition
of a material. The material safety data sheet (MSDS) of a
product should give information on all its components with a
proportion above 1% (REACH Regulation (EC) 1907:2006 in
the European Union, OSHA Hazard Communication Regula-
tions 1910.1200g8 for the United States) [57].

Our findings can also be contextualized in relation to re-

ported in vivo data. Clinical studies have documented BPA
detection in saliva immediately after resin-based dental pro-
cedures, typically ranging from 0.3 to 2.8 ug/L, and in urine
samples of pediatric patients at concentrations between 0.5 and
3.0 ng/mL within the first 24 hours post-treatment [56, 57].
In addition, as already mentioned in the introduction, given
that the European Food Safety Authority has decided to reduce
the permitted tolerable daily intake to 0.2 ng/kg/day, which is
lower than the levels of BPA normally detected in saliva after
resin placement in the oral cavity, this aspect should be taken
into account for the recommendation of materials completely
free of BPA-derived monomers placed in the oral cavity for
years. Indeed, the chronic and continuous release of monomers
capable of being degraded to BPA, even at very low doses,
may have long-term side effects on patients’ health [68]. When
compared to the most recent EFSA tolerable daily intake (0.2
ng/kg body weight/day), the amounts of BPA released in this
study appear small in absolute terms. However, given the
extremely stringent value of this new threshold, even short-
term exposures from restorative materials may contribute to
cumulative intake in children. Considering their lower body
weight and increased vulnerability to endocrine disruptors, the
release levels measured in our study, although limited, may
still carry a partial clinical relevance. For example, using
the most recent EFSA tolerable daily intake (0.2 ng/kg/day),
a 20-kg child would have a daily TDI of ~4 ng/day. Our
peak measured concentration for the positive control (Cention
Primer) was 1.31 ug/L, i.e., 1.31 ng/mL. As a conservative,
worst-case illustration, if ~1 mL of fluid adjacent to a fresh
restoration were to instantaneously equilibrate at this peak
level, the corresponding dose would be ~1.31 ng, i.e., about
33% of the daily TDI for a 20-kg child; for 0.51 ug/L (1-day
peak with another resin-based material) the illustrative dose
would be 0.51 ng (~13% of the TDI). In contrast, for conditions
yielding <0.10 pg/L (i.e., <0.10 ng/mL), the illustrative dose
would be <0.10 ng (<3% of the TDI). These values are not
direct exposure estimates in fact they do not account for saliva
turnover, clearance, restoration geometry, or intermittent tem-
perature/pH spikes but they provide a transparent upper-bound
frame of reference linking our in-vitro results with a regula-
tory benchmark. This comparison supports the preferential
use of materials with lower measured release in children and
underscores the importance of exposure-minimizing clinical
protocols.

Furthermore, this study demonstrates that temperature
showed a trend toward influencing BPA release, at 1 day, with
notably higher levels detected at 44 °C compared to 37 °C.
Therefore, external factors such as the consumption of hot
beverages or increased intraoral temperatures due to pediatric
inflammation may enhance BPA release in clinical settings
[69].

It is important to note that the precise origin of the de-
tected BPA remains uncertain. Historically, Bis-GMA was
synthesized from BPA, but most contemporary formulations
no longer use BPA as a direct starting monomer. There-
fore, the small but measurable BPA concentrations found in
materials labeled as “BPA-free” may not necessarily derive
from Bis-GMA degradation [66, 70]. Instead, they could
result from alternative degradation pathways involving other



aromatic dimethacrylates (e.g., Bis-DMA or Bis-EMA), or
from trace environmental or packaging-related contamination
during manufacturing and storage. This hypothesis is con-
sistent with reports of BPA traces even in products whose
declared formulations exclude Bis-GMA [63, 71]. Conse-
quently, while our findings confirm measurable BPA release
under specific conditions, the molecular source of this com-
pound within dental materials remains to be fully elucidated.
Future studies including capsule-only controls and expanded
analytical targeting of non-Bis-GMA monomer by-products
will be essential to distinguish intrinsic resin degradation from
extrinsic contamination.

In summary, this study highlights the importance of select-
ing materials based on environmental stability and pediatric
patient-specific considerations. While dental filling materials
containing Bis-GMA, Bis-EMA and other derivates monomers
provide superior esthetics and mechanical properties, their
potential for BPA release under acidic and high-temperature
conditions requires careful evaluation in pediatric dentistry.
From a clinical perspective, restorative materials that showed
no or minimal BPA release under most experimental conditions
(notably the glass ionomer-based formulations tested in this
study) should be preferred in pediatric patients whenever the
indication allows. Given the current uncertainty regarding
the molecular source of BPA, exposure-minimizing clinical
protocols and the selection of materials demonstrating consis-
tently low release levels under stress conditions are strongly
recommended. Conversely, materials containing Bis-GMA
(in our study, Cention Primer, deliberately included as a posi-
tive control) exhibited the highest release and warrant careful
use with exposure-minimizing protocols (e.g., meticulous rub-
ber dam isolation, immediate finishing/polishing, removal of
oxygen-inhibited layer, and thorough rinsing). When esthetic
and mechanical demands require resin-based options, select-
ing products with lower BPA release profiles and adopting
stringent isolation and post-cure procedures may help reduce
exposure.

Despite the significant results obtained from the present
study by means of a sensitive and specific analytical method-
ology based on high-performance liquid chromatography cou-
pled with mass spectrometry (LC-MS/MS) and the simulation
of realistic conditions that materials may encounter in the
oral cavity, such as pH and temperature variations, the study
nevertheless has some limitations. First, this is an in vitro
analysis, which does not consider the complex interactions that
occur in the human mouth, such as the presence of salivary
enzymes, saliva flow and pH variation caused by dietary and
metabolic factors. Another limitation was the duration of
the study, which focused on a maximum period of 28 days.
Although this may provide indications on the tendency of BPA
release in the short and medium term, it was evident at 28
days a clear decrease of BPA release also for Cention Primer
(liquid). So, all the materials at 28 days, not dependent on pH
and temperature conditions had no detectable BPA release, in
other words, they could be considered safe for the long period.
This fact is sufficient to fully predict the long-term behavior of
these dental pediatric dental filling materials.

In addition, although an a priori power analysis confirmed
that n = 3 specimens per condition was adequate to detect large
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effects with sufficient statistical power, this design remains un-
derpowered for detecting moderate or small differences. Such
smaller effects may nevertheless carry clinical relevance, and
therefore future studies with larger sample sizes are required
to confirm and expand our findings.

Another limitation concerns the choice of immersion media.
The use of buffer solutions (acetate, phosphate-citrate, Tris-
HCI) provided standardized and reproducible conditions to
specifically test the influence of pH, but this approach does
not fully replicate the complexity of artificial or natural saliva,
which contains proteins, enzymes, and ions that may affect
BPA release. Furthermore, although 44 °C was included as
a stress condition to simulate transient intraoral temperature
rises caused by hot beverages or fever, such elevated values
are not continuously sustained in vivo. Future investigations
should therefore consider testing in artificial saliva and under
a broader range of physiological conditions to improve the
translational relevance of the findings.

An additional consideration concerns the potential role of
external contamination sources, such as plastic capsules used
for material delivery. Although this possibility may par-
tially explain the detection of BPA in materials labeled as
“BPA-free”, it was not specifically investigated in this study.
Specifically, no capsule-only control group was included to
isolate and quantify potential BPA release from packaging
materials. Implementing such a control should be considered
a priority in future studies, as it would help clarify whether the
BPA detected in nominally “BPA-free” formulations originates
from intrinsic resin degradation or extrinsic contamination
during storage and handling.

Furthermore, the immersion medium plays a critical role
in BPA release. Several authors have shown that organic
solvents (ethanol, methanol) accelerate BPA elution compared
with water, saliva, or artificial saliva, by enhancing polymer
swelling and degradation of ester bonds [65, 66]. In this study,
the use of ethanol-water mixtures provided a standardized and
sensitive method to quantify release, but future studies should
further explore release profiles in saliva or artificial saliva to
improve translational relevance.

Finally, a further limitation is that the present study used
static immersion conditions, which do not account for intraoral
thermal fluctuations. Future investigations should not only
consider but actively incorporate more advanced oral environ-
ment simulations, including thermal cycling protocols as rec-
ommended by ISO (International Organization for Standard-
ization) 11405 and ISO 10477 (typically 5-55 °C, 500-10,000
cycles), saliva-based immersion media that reproduce the en-
zymatic and ionic composition of the oral cavity, and stan-
dardized mechanical loading to mimic masticatory stresses.
These aspects are essential requirements for future research to
ensure closer replication of intraoral dynamics and to validate
the clinical translation of our findings. Although it is difficult
to precisely assess the proportion of overall BPA exposure
attributable to oral intake from pediatric dental materials, their
contribution to total BPA contamination is not negligible. Fu-
ture research should focus on long-term in vivo assessments,
cumulative BPA exposure, and the development of innovative
BPA-free pediatric dental restorative materials that ensure clin-
ical efficacy without reducing biocompatibility.
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5. Conclusions

In conclusion, this study demonstrated that BPA release from
pediatric restorative materials is strongly influenced by en-
vironmental conditions, particularly acidic pH, and the early
post-placement phase. Among the tested products, resin-based
restorative materials, and glass ionomer-based formulations
(Equia Forte HT Fil, Riva Self Cure, Fuji IX GP Fast, Stela
Self Cure) consistently showed the lowest or negligible BPA
release, suggesting that they may represent safer options for
pediatric patients whenever clinically indicated. By contrast,
Bis-GMA-—containing materials such as Cention Primer ex-
hibited the highest release and should be used with caution,
adopting strict exposure-minimizing protocols. The results
also suggest that potential contamination from plastic carriers
may contribute to BPA detection in materials labeled as “BPA-
free”, highlighting the importance of cautious interpretation.

Looking forward, further research is urgently needed to
strengthen the clinical translation of these findings. Specifi-
cally, future studies should incorporate thermal cycling accord-
ing to ISO standards, long-term in vivo assessments of salivary
and urinary BPA, and evaluations under mechanical loading to
better simulate real oral conditions. In parallel, innovation in
material science should prioritize the development of restora-
tive options that are completely free of BPA and its derivatives,
without compromising esthetic and mechanical performance.

Ultimately, prioritizing materials with minimal BPA release
and advancing truly BPA-free technologies represent essential
steps to ensure safer restorative care for children.
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