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Fiber-reinforced composite (FRC) biomedical materials are in contact with living tissues arising biocompatibility
questions regarding their chemical composition. The hazards of materials such as Bisphenol A (BPA), phthalate
and other monomers and composites present in FRC have been rationalized due to its potential toxicity since
its detection in food, blood, and saliva. This study characterized the physicochemical properties and degradation
profiles of three different epoxide-based materials intended for restorative dental applications. Characterization
was accomplished by several methods including FTIR, Raman, Brunauer–Emmett–Teller (BET) Analysis, X-ray
fluorescence spectroscopy, and degradation experiments. Physicochemical characterization revealed that
although materials presented similar chemical composition, variations between them were more largely
accounted by the different phase distribution than chemical composition.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Fiber-reinforced composites
BPA
Degradation
Physicochemical
1. Introduction

One of the most important classes of polymeric materials is epoxy
resin. Its wide applicability is due to its combination of properties such
as excellent chemical and corrosion resistance, high tensile strength,
dimensional stability, low modulus of elasticity, along with its easy
processing and manufacturing. An important factor that increases the
scope of the epoxy resin market is its good compatibility with a variety
of copolymers (e.g., poly(ε-caprolactone), poly(dimethylsiloxane),
poly(amide)s and dendrimers) as well as composites (e.g., metallic
oxides, carbon black, natural and glass fiber), significantly increasing
and tuning the properties of the final material [1–4]. The most common
epoxy resin is the polyether diglycidyl ether bisphenol A resin (DGEBA)
[5]. In order to obtain a cross-link polymer and reduce the gelation time
at plausible process conditions, dicyandiamide (DCD) is prevalently
used as curing agent. Imidazole is often incorporated to the formulation
to alter the glass transition temperature [6].

The filling of poly (methyl methacrylate) (PMMA) into the pores of
graphene aerogel has been described where an increase in graphene
loading lead to increases in thermal and electrical conductivity as well
as in microhardness [7]. By methods such as aqueous phase exfoliation,
tics, University of São Paulo, Al
.
).
high-yield graphene nanosheets have been developed with substantial
increase in surface area and improvement in thermal stability [8].
When prepared by thermal reduction of graphite oxide and modified
with stearic acid to enhance its lipophilicity, graphene composites
have shown improved tensile resistance with enhanced dispersion of
graphene in a low density polyethylene matrix [9]. Also, the incorpora-
tion of magnetite nanoparticles in a sulfonated polyaniline matrix has
been characterized showing an additional crystalline order and im-
proved conductivity. [10] Lastly, a comprehensive review has elaborat-
ed on a variety of synthesis strategies of the next generation TiO2-based
hybrid photocatalysts, under attention due to their excellent physico-
chemical properties, produced in combination with polymers and
carbon nanomaterials [11].

When reinforced with fibers, epoxide based composites can attain
high stiffness-to-weight and strength-to-weight ratios, properties of
significant importance in biomedical applications such as artificial ten-
dons, ligaments, intervertebral disks, and hip stems [12]. In dentistry,
common uses include fiber-reinforced prefabricated posts that are
cemented into root canals with widely reported success rates [13,14],
orthodontic brackets, and, more recently, restorative materials [13].
Since fiber-reinforced composites (FRC) composition can be tailored
to match the mechanical properties of the tissues they replace, its use
has gained interest as an alternative to metals and ceramics in full-
mouth reconstructions. Simulations have shown that for implant-
supported prostheses, all stresses transmitted to peri-implant tissues
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are significantly greater for metal ceramics compared to FRC prostheses
[15].

One aspect that concerns the biomedical use of FRC is that the
unreacted compounds remain trapped in the polymeric network, and
depending on the environmental conditions and the stress thematerials
undergo, these compounds may be released to the surrounding envi-
ronment. Currently, many polymeric formulations intended for
biomedical applications contain BPA that is used as a catalyst in the re-
action between epoxide and amine groups where all the BPA added to
the reaction is not necessarily covalently bonded to the polymer net-
work and therefore may leach from the bulk material under service to
variable amounts depending on the overall polymer physicochemical
characteristics.

Due to the extremely high global demand for epoxy resin, poly(car-
bonate), poly(vinyl chloride)s (PVC), poly(acrylate), and poly(sulfone),
N2.7 million tons of BPA are produced each year. The majority of these
materials are used in food containers, plastic packing, coating resin for
metal cans, water pipes, bottles, storage containers and dental sealants
[16–18]. In the last decade, a significant increase in the investigation
of the hazards of materials such as BPA, phthalate and other monomers
and composites have been rationalized due to its potential toxicity since
it has been previously detected in food, blood, and saliva. For instance,
the range of 1–6 ppb of related compounds were found in samples of
urine in over 93% of the North American population [19–22]. To date
there is a controversy regarding what the toxic dosage of BPA or its cu-
mulative effect on different organs and systems are.

A recent report by Zeliger [23] has suggested a potential relationship
between lipophilic chemicals (which includes BPA among a multitude
of other chemical byproducts) and neurologic diseases originating
mainly from polluted air and water as well as contaminated food [23].
In addition to BPA, other classes of lipophilic compounds such as di-
oxins, organochlorine pesticides, furans, poly aromatic hydrocarbons,
low molecular weight hydrocarbons (e.g., benzene, toluene, xylenes,
gasoline, etc.), and phthalates have all been demonstrated to penetrate
the blood-brain barrier [24]. These lipophilic compounds when com-
bined have been regarded as hazardous even at low concentration
levels relative to individual components in higher concentrations [23].
To date, data regarding BPA exposure quantity has been generated by
the US Environmental Protection Agency (EPA). However, no consensus
exist in the literature regarding the presence of BPA on a variety of den-
talmaterials, as dentalmaterials related exposure has been shown to be
transient and can potentially be controlled through adequate material
processing and clinical procedures [25].

Considering that the use of FRC prostheses in contact with living
tissues may raise biocompatibility questions regarding its chemical
composition and stability, this study aimed to characterize the physico-
chemical properties and degradation profiles of three different epoxide-
based materials intended for restorative dental applications as a first
step prior to in vivo and clinical studies.
2. Materials and methods

2.1. Materials

Dimethyl sulfoxide (DMSO)-d6 99.9% (CIL) was used as-received.
The Adsorption Buffer containing the same ions present in the saliva
(without the enzymes) was provided by the laboratory of Basic Science
andCraniofacial Biology of theNewYorkUniversity College of Dentistry,
and it was prepared as previously described [26,27]. Three different FRC
experimental materials were tested as received from themanufacturer.
Two of the materials presented the polymeric components with differ-
ent amounts of glass fiber content (materials A and B), whereas a
third material (material C) presented a polymeric structure different
than A and B. All materials were provided in disks of 4 in (10.16 cm) di-
ameter by 1 in (2.54 cm) height.
2.2. Sample cutting

The samples were cut using a MICRO-Bandsaw MBS/E with a steel
super fine tooth blade #85 in blocks of approximately 5 × 5 × 5 mm.

2.3. Cryogenic grounding

The solid samples were ground to a fine powder using a Cryomill
MM 400 (Retsch, Germany). The samples were pre-cooled with liquid
nitrogen for 5 min in the grinding container. The grinding time was
set to 3 min at 30 Hz. During the process, samples were kept at temper-
ature with liquid nitrogen.

2.4. Thermal gravimetric analyses (TGA)

The samples were analyzed using a TGA (PerkinElmer, Pyris 1) from
30 °C to 800 °C at 10 °C/min, and a N2 flow at 50 mL/min. The total run
time per sample was 78 min. The samples were analyzed in triplicate.

2.5. Differential scanning calorimetry (DSC)

The samples were analyzed using a DSC1 (METTLER TOLEDO). Tem-
perature program: from 25 to 250 °C, at 10 °C/min, 250 °C for 3 min;
from 250 to 25 °C at −10 °C/min; 25 °C, 25 °C for 3 min; from 25 to
250, at 10 °C/min, with 50 mL/min of N2 flow. The glass transition tem-
perature was determined in the middle point of the crossing tangents.

2.6. Scanning electron microscopy (SEM)

The sampleswere coatedwith goldwith a systemSputter Coater PO-
LARON (VG Microtech - Uckfield, England; Model: SC7620). The scan-
ning electron micrographs were obtained by the Leica-Zeiss LEO 440i,
with 15 kV of acceleration and current of 50 pA. Typically, the images
were collected with a magnification of 500 and 1000 times.

2.7. Particle size distribution analysis

Two different techniques were used for particle size distribution
analysis: laser diffraction and digital dynamic imaging. The laser diffrac-
tion was carried out using a HORIBA LA-950. Analysis was done in trip-
licate by sampling and measuring (totaling n = 9 measurements for
each sample); ethanol was used as the dispersion medium without
any surfactant addition. The transmittance utilized was between 95%
and 98%, with ultrasonic probe off. The complex refractive index, com-
posed of real and imaginary parts (1.54–0.10 i for the epoxy resin and
1.361 for ethanol)wasused for deconvolution of the diffraction patterns
and data process, based on the full Mie theory (software HORIBA LA-
950). The Portable FlowCAM VS·I (“Fluid Imaging Technologies”) in-
strument was used for the dynamic image analysis. Ethanol was used
as dispersion medium, with 10× and 20× optical amplification lens
and 300 μm flowcell. Images of the samples were introduced in the
size distribution graph obtained by laser diffraction.

2.8. Fourier transformed infra-red (FTIR) analysis

The samples were analyzed using a FTIR spectrometer (Thermo Sci-
entific model Nicolet 6700) carried out in the Attenuated Total Reflec-
tance (ATR) mode, with a scanning range from 4000 to 600 cm−1 at a
speed of 4 cm−1/s, and with an average of 128 measurements in the
final spectrum.

2.9. Raman spectroscopy analysis

The samples were analyzed using a Raman spectrometer (Horiba
Scientific model XploRA™ PLUS) with a scanning range from 4000 to



Table 1
Elemental analysis, in mass percentage, of the samples A, B and C.

Sample C (%) H (%) N (%) P (%)

A 33.01 3.06 0.71 0.01
B 30.11 2.56 0.7 0.036
C 26.43 2.54 1.09 0.13
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200 cm−1. The final spectrum is an average of 128 measurements,
obtained with a laser of 532 nm.

2.10. The Brunauer–Emmett–Teller (BET) analysis

Adsorption characterization was performed using a Quantachrome
Autosorb (Quantachrome Instruments, Boynton Beach, FL USA) with
N2 as the adsorbate at liquid nitrogen temperature (~77 K). Prior to
measuring the surface area, the samples were outgassed at 150 °C for
~3 h. The surface area was calculated utilizing the multipoint
Brunauer-Emmett-Teller (BET) method, the nitrogen adsorption iso-
therms by assuming the area of a nitrogen molecule to be 16.2 Å2, as
well as by the adsorption data from the partial pressure change ranging
from0.05b P/P0 b 0.35, using ASORB2PC v1.05 software (Quantachrome
Instruments, Boynton Beach, FL, USA). The measuring of surface area of
the powder constituted of approximately 375mg of dried and degassed
particulate.

2.11. Determination of Ti, P and Si content by inductively coupled plasma
optical emission spectroscopy (ICP-OES)

For trace elemental determination, the sample was weighed into a
suitable digestion flask. For percent level determinations, an amount
of sample was weighed such that the expected final preparation
contained approx. 10–50 ppm of the element(s) of interest (i.e. Ti, Si
and P). An additional digestion flask was prepared for a blank. The di-
gestion acid (e.g., nitric, perchloric, or sulfuric acid) was added and
each flask was heated on a suitable digestion rack until samples were
fully digested.

Measurements were carried out on an ICP Perkin Elmer ICP Optima
7399DV calibrated using the standard solutions. The content for each el-
ement in the sample was calculated as follows:

Eð Þppm ¼ response Eð Þ � dilitionfactor � StdEppm
response StdEð Þ � sampleweight gð Þ

where (E) ppm = ppm of the individual element in the sample; Re-
sponse (E) = optical emission of the individual element in the sample;
dilution factor = 5.0 mL plus volume of digestion acid added to each
sample; StdE ppm = ppm of the respective individual element added
to the reagent spike preparation; Response (StdE) = optical emission
of the individual element in the reagent spike preparation; Sample
weight (g) = weight of the sample, in grams in used in the samples
preparation.

2.12. Carbon, hydrogen, and nitrogen (CHN) determination

For CHN determination, approximately 1.5 mg of sample was
weighed into a tin capsule using the Cahn Electrobalance. The capsule
was sealed, and reweighed to determine the final sample weight. The
samplewas then placed into the Perkin-ElmerModel 2400 CHNAnalyz-
er carousel. Analysis was carried out under high purity Helium and
oxygen (99.9%) as combustion gas, at 950 °C. The instrument was cali-
brated using a 141d Acetanilide, NIST standard.

2.13. X-ray fluorescence spectroscopy

The inorganic characterization were carried out on an Energy Dis-
persive X-Ray Fluorescence (EDXRF) Bruker S2 Ranger, equipped with
a 50 W Rhodium X-ray tube and X-Flash® SDD detector. All measure-
ments were performed under Helium.

2.14. Degradation experiments

The extractions were carried out by adding 1 g of powdered sample
in 40ml of solvent (methanol or adsorption buffer). The mixtures were
magnetically agitated for two and 15 days in methanol, 28 and 56 days
for adsorption buffer extraction. The extracts were concentrated for 1H
NMR analysis. To determine the leaching amount of BPA present in
the samples, leaching experiments were performed in methanol,
adapted from Perrin et al. in 2006 [28].

2.15. Bisphenol a determination by 1H NMR

1H NMR spectra of the concentrated samples were acquired at 25 °C
on a Bruker AV600 spectrometer operating at 600MHz, using deuterat-
ed dimethyl-sulphoxide (DMSO-d6) as a solvent and naphthalene as an
internal standard. Determination of Bisphenol A (BPA) leachingwas cal-
culated by the formula:

%BPA ¼ WN

WS

Ia
Ic

� �
� 178

where:WN is the weight of naphthalene;WS is the sample amount; Ic is
the integral of the naphthaleneprotons (δ=7.91 ppm); Ia is the integral
of the bisphenol A protons (δ = 6.98 ppm); and 178 is the (molecular
weight of bisphenol A /molecularweight of naphthalene) ×100. The re-
sults were expressed in terms of total mass percentage (%), parts per
million (mg/kg, ppm) and organic percentage (%Org) which is the
amount of BPA leaching in relation to the organic fraction, obtained by
TGA.

2.16. Dicyandiamide leaching by 1H NMR

1H NMR spectra of the concentrated samples were acquired at 25 °C
on a Bruker AV600 spectrometer operating at 600MHz, using DMSO-d6
as a solvent and naphthalene as an internal standard. Determination of
Dicyandiamide (DCA) leaching was calculated by the formula:

%DCA ¼ WN

WS

Ia
Ic

� �
� 65:6

where:WN is the weight of naphthalene;WS is the sample amount; Ic is
the integral of naphthalene protons (δ=7.91 ppm); Ia is the integral of
dicyandiamide protons (δ = 6.52 ppm); and 65.6 is the (molecular
weight dicyandiamide / molecular weight naphthalene) × 100. The re-
sults were expressed in terms of total mass percentage (%), parts per
million (mg/kg, ppm) and organic percentage (%Org), which is the
amount of DCA leaching in relation to the organic fraction, obtained
by TGA.

3. Results and discussion

The elemental characterization of the samples for carbon, hydrogen,
nitrogen and phosphorus are show in percentages in the Table 1. The
first thermal characterization of the material performed by thermogra-
vimetric analysis (TGA) (Fig. 1) were used to evaluate the thermal
stability and determination of the organic and inorganic content, as
summarized in Table 2. The thermal gravimetric analysis showed that
sample A, B and C were remarkably stable over the tested temperature
range especially since dental applications usually remain at body
temperature for most of its service life. All samples presented an initial
decomposition temperature onset at 400 °C despite the different inor-
ganic/organic ratios observed between samples. Organic fraction was



Table 3
X-ray fluorescence analysis of the samples A, B and C.

Sample SiO2 Al2O3 CaO Fe2O3 SrO TiO2

A 31.0 7.6 23.2 0.5 0.2 1.5
B 34.3 7.2 22.0 0.3 0.1 1.1
C 34.5 8.6 21.8 0.4 0.2 4.6

Fig. 1. Thermogram of samples A, B and C, average of triplicate measurements.
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calculated based on the percentage of material decomposed up to
500 °C, where a plateau is observed. The derivative thermogravimetric
(DTG) shows the only mass loss observedwas the material decomposi-
tion (TGA and DTG data for each material is presented in Fig. S1)·The
organic contents observed by TGA are in direct agreement with the
elemental analyses for all three samples.

X-ray fluorescence depicted the main constituents of the inorganic
fraction for all samples mainly comprised oxides of silicon, aluminum,
calcium, iron, strontium and titanium (Table 3). Given that it was
disclosed that the inorganic content of all materials was glass fiber, di-
rect inferences of the different oxides (SiO2/Al2O3/CaO/Fe2O3/SrO)
with a ratio of 1/0.2/0.6/0.01/0.005 was the same for all the three sam-
ples tested. Such result indicates that similar glass fiber was used in all
materials. In fact, the SiO2/Al2O3/CaO ratio is similar to a ternary eutectic
composition SiO2–Al2O3–CaO that is described in the literature [29] as
an environmentally friendly alternative to the largest used fluorine-
borosilicate E-glass. Since only pure Si, Al and Ca oxides are involved
in its processing, no toxic gas is formed during the manufacturing
process besides its improved energy efficiency relative to its fluorine-
borosilicate counterpart. The traces of SrO likely arose as a doping for
CaO [30–32]. While Fe is a common impurity in alumina [33], the deter-
mined concentration in the samples indicates it was deliberately added
to the glass crude mixture. The 1.5–4.6% of TiO2 measured in the sam-
ples suggests that TiO2 was added in the polymer mixture as a pigment
as observed inmany other dentalmaterials applications. However, such
common application of TiO2 does not exclude the possibility of a portion
of TiO2 within the overall material composition to be present within the
glass fiber.

To further characterize the thermal behavior of thematerials; differ-
ential scanning calorimetry (DSC) was also performed (Fig. 2). Two
heating procedures were performed. In the first heating, the samples
were heated up to 250 °C in an attempt to provide energy to the system
so unreacted products either react of are eliminated. Then, after the first
heating cooling down to 25 °C, a second sample heating was performed
to 250 °C in an attempt to determine the materials'characteristic phys-
icochemical events. In the first heating, all materials showed an event
around 100 °C, corresponding to humidity in the samples. Two endo-
thermic events, at 112 °C and 130 °C, were observed for materials A
Table 2
TGA analyses, inorganic and organic content.

Sample Inorganic (%) Organic (%) SD

A 64 36 3.0
B 65 35 3.5
C 70 30 1.5
and B. However, during the second heating, such endothermic events
of the materials A and B were not observed. The absence of these endo-
thermic events (at 112 °C and 130 °C) suggests these events are related
to a chemical reaction, probably due to remaining unreacted reactants.

The transition glass temperature of materials A and B were deter-
mined as 101 °C and 103 °C, respectively, in the second heating proce-
dure. Material C showed two Tgs, one at 97 °C and 182 °C. The higher
Tg of the material C was observed in both heating procedures. The
high glass transition temperatures are indicative of a high degree of po-
lymerization and cross-linking. The samples' calorimetric profiles indi-
cate a different chemical composition between material C relative to
materials A and B. The individual DSC thermogram of the first and sec-
ond heating are displayed in Figs. S2 and S3.

The particle size distribution for all samples presented a bimodal dis-
tribution by both analytical techniques (laser diffraction and image
method). The median sizes by laser diffraction for material A were
found to be 18.6 μm and 217.1 μm. 18.31 μm and 175.55 μm, and
14.31 μm and 93.6 μm are the bimodal median sizes for Materials B
and C, respectively (Fig. 3). Fig. 3 depicts that particles with b50 μm
are mostly glass fiber with low amounts of adhered polymer. The larger
particles are mainly comprised by glass fibers within polymer matrix.
Relative to material C, an increased amount of the smaller particles
were observed for materials A and B. Such differences are likely
accounted by differences in fiber content distribution between mate-
rials. Individual data are shown in Fig. S4.

The images of the particle obtained by SEM (Fig. 4) of the powdered
materials shows the larger particles (N100 μm) are mainly polymer
fragments, whereas the smaller portion of the particles are fragments
of glass fiber, as observed in dynamic image analysis. More SEM images
of the samples are available in the supplementary material Figs. S5, S6
and S7.

To determine the chemical identity of the polymeric materials with
the presence of the glass fiber as composite, the samples were charac-
terized by FTIR. The characteristic wavenumbers of diglycidyl ether
bisphenol A resin and glass fiber were readily observed for the three
samples (Fig. 5).

Due to the large amount of glass fiber in the materials, Raman spec-
troscopy counterproof was performed to further confirm the organic
groups initially detected the infrared spectroscopy. The FT-IR and FT-
Raman spectrum for each sample is presented in Fig. 4. From 1000 to
2500 cm−1, a large increase is observed in the base line due to the scat-
tering of the laser beam by the glass fiber. Despite such setback, a sharp
band at 1600 cm−1 characteristic of the C–C stretching was easily iden-
tified. An exception, however, was encountered when the FTIR and
Raman spectra were compared formaterial C, where the C–H stretching
of the methyl and methylene groups at 2965 cm−1 and 2926 cm−1, re-
spectively, were possibly not detected due to the lower amount of or-
ganic fraction in the sample, as determinate by TGA. Comparison of
the vibration patterns of the C=C bond stretching in the aromatic ring
(1600 cm−1) and C–C (1508 cm−1) aromatic bond stretching, strongly
indicates that the polymer present in all tested samples is diglycidyl
ether bisphenol. The broad band at 1000 cm−1 is assigned to the oxy-
gen-silicon bond in the Si–O–Si group of the glass fiber used as compos-
ite, and the Si-OH bending band was likely the one detected 823 cm−1.
When the FTIR and Raman spectra of thematerials are evaluated in tan-
dem, all materials presented the same organic groups at different rela-
tive intensities especially when those related to non-dissociative
symmetrical groups were concerned such as the stretching of the



Fig. 2. DSC curves of the first and second heating of the materials A, B and C.
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aromatic C–H. The symmetric stretching of the aromatic C–H band was
identified at 3060 cm−1 of Raman shift for all the materials [34]. The
stretch of C–OH, for a tertiary alcohol (1180 cm−1), asymmetric
(1240 cm−1) and symmetric (1110 cm−1) stretches of the C–O bond
for an aryl-alkyl ether are present in materials A and B.Whereas in ma-
terial C, only the C–O bond stretch for an alkyl ether (1140 cm−1) was
found, further indicating a compositional difference between materials
C relative to materials A and B observed in our DSC results. The individ-
ual FTIR and Raman spectra are presented in Figs. S8 and S9. Table 4
summarizes the observed bands and its correspondent vibrational
event.

To address potential biocompatibility differences betweenmaterials,
the unreacted organic amount within the different materials were
quantified. Our extractable BPA determination was carried out using
methanol following the method proposed in 2006 by Perrin et al. [28].
The results for total leached BPA in methanol extraction are displayed
in Fig. 7, and spectral analyses depicted undetectable leaching of DCA.
Following the same experimental procedure using adsorption buffer
Fig. 3. Particle size distribution analysis ofmaterials A, B and C by laser diffraction. Pictureswere
than 50 μm.
for 28 days showed undetectable amounts of BPA were observed
along with leached DCA at different degrees as presented in Fig. 8. An
example of 1H NMR spectrum for BPA and DCA extraction is shown on
the Figs. S10 and S11, respectively. Yet, it is important to remember
that whereas the safe reference dose for humans has been established
at 50 μg/kg/day, the actual extent and exposure route of humans to
BPA is still under debate [35].

The methanol extraction in two and 15 days show that there is no
significant difference in BPA leaching (Fig. 7). This experiment demon-
strates that the method applied for determination of total BPA leaching
in two days in methanol medium is sufficient, as demonstrated by Per-
rin et al. [28]. A significant difference in BPA leaching among materials
was observed, especial between C in relation to A and B (Fig. 7). The
total BPA contented for material A was 5800 ppm ± 232, whereas
material B and C leached 24% and 93% less BPA than material A,
respectively.

No signal related to DCA was detected in any of the extractions with
methanol. On the other hand, no BPA signal was observed for any
takenwith 20× amplification lens for particles smeller than 50 μmandwith 10× for bigger



Fig. 4. SEM images of powered material A, B and C.
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material in adsorption buffer experiments up to 28 days (Fig. 8). Mate-
rial C showed the highest leaching of DCA, 838 ppm ± 72; followed by
materials A and B with 213 ppm± 35 and 187 ppm± 72, respectively.

The attempted accelerated 56 days evaluation at 60 °C in adsorption
buffer demonstrated that exposure of thematerial to amedia that more
closely resembles the human oral environment is capable of leaching
both DCA and BPA in larger amounts relative to the othermedia. The re-
sults showed the presence of both BPA and DCA (Fig. 9). Material C pre-
sented the highest leaching rate, followed by materials A and B.
Regarding DCA leaching in this accelerated leaching environment, ma-
terial B showed the lowest amount, 666 ppm ± 95, of DCA, followed
by material A with 1199 ppm ± 95, and then material C with
1680 ppm ± 96. The experiments demonstrate that there is an excess
of crosslinking component in all materials, indicating the material for-
mulation can be improved in order to reducing the excess of DCA initial
composition.

BPA has a very high solubility in methanol (25 mg/mL), which is
why it was used as solvent for the BPA total leaching determination.
Fig. 5. FTIR Spectra of the samples A, B, C and glass fiber.
When the materials were submitted to a more clinically relevant medi-
um, adsorption buffer, the highest leaching was found in material A
(293ppm)which represents 5% of the total leachable BPA in the sample.
This is probably due to BPA's solubility in water (298 mg/L) suggesting
that the medium was saturated and could no longer extract BPA from
the material. The experiments were performed in batches while in the
oral environment the saliva flows continuously. Even with a low flow,
it would not be enough to saturate the medium, and eventually all
leachable BPA present in the implanted material would be released in
a long term exposure. A relevant point is the amount of BPA that
could leach to the tissue which will be in contact with the implant.
Due to polarity, the organic composition of the human tissue can extract
more BPA than the saliva. For that, additional experimentsmust be con-
ducted to evaluate material potential biocompatibility and applicability
keeping inmind that recent bio-monitoring studies have suggested that
human relevant exposures are higher than the currently proposed safe
reference dose [36,37].

Considering that low molecular weight compounds are usually
leached to the surrounding medium through direct contact and thus
Table 4
Infrared absorption and Raman scattering assignment of bands for materials A, B and C.

Wavenumber
(cm−1)

Bond Infrared event Raman event

823 Si–O Si–OH – bending Si–OH – bending
1000 Si–O SiOSi – stretching
1110 C–O Aryl–O–alkyl – symmetric

stretching
1140 C–O Alkyl–O–alkyl – symetric

stretching
1180 C–O C–OH – stretching C–OH – stretching
1240 C–O ArylO–alkyl – asymmetric

stretching
1508 C–C Aromatic – stretching
1600 C=C Aromatic – stretching Aromatic – stretching
2926 C–H CH3 – stretching CH3 – stretching
2965 C–H CH2 – stretching CH2 – stretching
3060 C–H Aromatic – stretching



Fig. 6. Overlay of the Raman Spectra of the samples A, B and C; and the individual comparative Raman and FTIR spectra for the sample A, B and C.
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its shape and form will play a significant role on the amounts detected.
The detection observed when larger bulk samples were very low and
thus milling was performed to accelerate experiments by increasing
the material surface area. In order to determine the surface area of the
powdered samples used to perform the leaching experiments,
Brunauer–Emmett–Teller (BET) theory was used. We considered a
Fig. 7.BPA leaching inmethanol at 25 °C after twodays for samplesA (5800ppm±232), B
(4482 ppm±226) and C (439 ppm±86); and 15 days for samples A (4825 ppm±232),
B (5212 ppm ± 226) and C (441 ppm ± 86).
molar crown made with materials A, B and C (each with surface area
of 136mm2 [38])to estimate the total amount of BPA such a component
size would leach. The data is summarized in the Table 5.

Our results show a dramatic decrease in the amount of BPA release
when the chemical release was estimated as a function of an average
molar crown surface area. The estimated release values, considering
the adsorption buffer, shows the Material B would have the total
Fig. 8. DCA (ppm) leaching in adsorption buffer at 37 °C for 28 days of samples A
(213 ppm ± 35), B (187 ppm ± 36) and C (838 ppm ± 72).



Fig. 9. BPA of the samples A (293 ppm ± 46), B (231 ppm ± 46) and C (145 ppm ± 14)
and DCA of the samples A (1199 ppm ± 95), B (666 ppm ± 95) and C (1680 ppm ±
96) leaching in adsorption buffer at 60 °C for 56 days.
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amount of 0.15 μg± 0.03 of BPA, followed by thematerials A and Cwith
0.14 μg ± 0.07 and 0.03 μg ± 0.003, respectively.
4. Conclusion

The design possibilities of fiber-reinforced composites are virtually
limitless and for dental applications additional concerns regarding
their esthetic output must be considered, which makes them an inter-
esting alternative to replace metals. Whereas their composition can be
tailored for the desired application, several parameters will orient
their final indications in biomedical use such as strength (e.g. type of
fiber, interfacial adhesion, etc.) and chemical stability considering its
long-term interactionwith host tissues and biofluids. Our physicochem-
ical characterization was accomplished by several methods including
FTIR, Raman, Brunauer-Emmett-Teller (BET) Analysis, X-ray fluores-
cence spectroscopy, and degradation experiments which revealed that
the three provided materials A and B presented very similar chemical
composition and glass fiber content, and material C belongs to a differ-
ent class of BPA resin. The variations between them were more largely
accounted by the different phase distribution than chemical composi-
tion. Specific biocompatibility testing should be conducted to determine
if the differences herein detected might have clinical implications.
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Table 5
BPA leaching in relation with surface area.

Material Powder material

Surface Area Total BPA B
(a

mm2/g ppm µgBPA/mm2 p

A 2.95 × 10−5 5880 0.020 2
B 2.06 × 10−5 4482 0.022 2
C 7.73 × 10−5 439 0.001 1
Appendix A. Supplementary data
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Figure S1: Thermogram with the respective derivative thermos-gravimetric (DTG) of the 

samples A, B and C. The displaced data are average of triplicate measurements. 
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Figure S2: Thermogram with the DSC for the first heating of the samples A, B and C. 
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Figure S3: Thermogram with the DSC for the second heating of the samples A, B and C. 
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Figure S4: Particle size distribution analysis of Materials A, B and C by laser 

diffraction. Pictures were taken with 20X amplification lens for particles smeller than 

50µm and with 10X for bigger than 50 µm. 
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Figure S5: SEM of Material A 
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Figure S6: SEM of Material B 
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Figure S7: SEM of Material C. 
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Figure S8: FTIR spectrum of the samples A, B and C. 
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Figure S9: FT-Raman spectrum of the samples A, B and C. 
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Table S1: Infrared absorption and Raman scattering assignment of the ban for materials A, B and C. 

Wavenumber 

(cm-1) 
Bond Infrared Event Raman Event 

823 Si–O Si-OH – bending Si-OH – bending 

1000 Si–O Si-O-Si – stretching  

1110 C–O  Aryl-O-alkyl – symmetric stretching 

1140 C–O  Alkyl-O-alkyl – stretching 

1180 C–O C-OH – stretching C-OH – stretching 

1240 C–O 
Aryl-O-alkyl – asymmetric 

stretching 
 

1508 C–C aromatic – stretching  

1600 C=C aromatic – stretching aromatic – stretching 

2926 C–H CH3 – stretching CH3 – stretching 

2965 C–H CH2 – stretching CH2 – stretching 

3060 C–H  aromatic – stretching 

 

 

 

Figure S10: Typical 1H RMN spectrum of BPA leaching experiment in methanol, using 

naphthalene as internal stander for quantification. 
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Figure S11: Typical 1H RMN spectrum of DCA leaching experiment in adsorption 

buffer, using naphthalene as internal stander for quantification. 
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