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ABSTRACT

Objective: This in vitro study aimed to compare the bond strength (uSBS) of resin cement to human dentin and three glass
fiber-reinforced epoxy resin (GFRER) formats (plate — PLATE; round-rod — RR; experimental — EXP) used as dentin-analogues in
in vitro studies. Material and Methods: For this, human molar occlusal surfaces were ground to expose dentin (DENT group),
while GFRER was cut into round-rod (=10 mm, 2.7 mm thick) and rectangular plate (15 X 15 X 3 mm) shapes. The EXP
was created from epoxy resin mixed with chopped glass fiber. Surface treatments included 10% hydrofluoric acid + silane for
GFRER groups and 37% phosphoric acid + adhesive for DENT. Resin cement cylinders were built, light-cured, thermocycled
(12,000 cycles), and tested for microshear bond strength (uSBS). Failure patterns, roughness, contact angle, topography,
elastic modulus, sorption, and solubility were also analyzed. Results: No significant uSBS difference was found between DENT
(8.40 MPa) and RR (10.24 MPa). The PLATE group had the highest bond strength (17.11 MPa), while EXP had the lowest
(4.46 MPa). RR and PLATE showed the highest surface roughness, with DENT and EXP showing the lowest. GFRER groups had
similar contact angles among themselves and higher values compared to DENT. The elastic modulus of PLATE (30.47 GPa) and
RR (29.37 GPa) was higher than that of EXP and DENT (18 GPa). GFRER showed dimensional stability in water. Conclusion: The
glass fiber-reinforced epoxy resin material in RR format can be used as an alternative substrate for bond strength in vitro studies.
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RESUMO

Objetivo: Este estudo in vitro teve como objetivo comparar a resisténcia de unido (uSBS) do cimento resinoso a dentina humana e a trés
formatos de resina epdxi reforcada com fibra de vidro (GFRER) (placa — PLATE; basto cilindrico — RR; experimental — EXP) utilizados
como andlogos da dentina em estudos laboratoriais. Material e Métodos: Para isso, as superficies oclusais de molares humanos foram
desgastadas para expor a dentina (grupo DENT), enquanto o GFRER foi cortado nas formas de bastéo cilindrico (@= 10 mm, 2,7 mm de
espessura) e placa retangular (15 X 15 X 3 mm). O grupo EXP foi criado a partir de resina epdxi misturada com fibra de vidro picotada.
Os tratamentos de superficie incluiram acido fluoridrico 10% + silano para os grupos GFRER, e acido fosférico 37% + adesivo para
o grupo DENT. Cilindros de cimento resinoso foram construidos, fotopolimerizados, submetidos a ciclagem térmica (12.000 ciclos)
e testados quanto a resisténcia de unido por microcisalhamento (uSBS). Também foram analisados os padrdes de falha, rugosidade,
angulo de contato, topografia, médulo de elasticidade, sorcéo e solubilidade. Resultados: Nao houve diferenca significativa na uSBS
entre DENT (8,40 MPa) e RR (10,24 MPa). O grupo PLATE apresentou a maior resisténcia de unido (17,11 MPa), enquanto o grupo
EXP apresentou a menor (4,46 MPa). Os grupos RR e PLATE apresentaram maior rugosidade superficial, enquanto DENT e EXP
mostraram os menores valores. Os grupos GFRER apresentaram dngulos de contato semelhantes entre si e maiores em comparacio ao
DENT. O moédulo de elasticidade do PLATE (30,47 GPa) e do RR (29,37 GPa) foi superior ao do EXP e DENT (18 GPa). Os materiais
GFRER apresentaram estabilidade dimensional em meio aquoso. Conclusao: O material de resina epdxi reforcada com fibra de vidro
no formato RR pode ser utilizado como substrato alternativo em estudos in vitro de resisténcia de unido.
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INTRODUCTION

Human teeth suitable for use as samples in
in vitro tests are becoming increasingly difficult,
as the indications for extractions are decreasing
considerably, in addition to ethical issues, as
there is the involvement of human tissue [1-3].
Furthermore, standardization when using human
teeth becomes quite complex, since variables
such as type of tooth, storage conditions, and
chemical and physical modifications [4,5] can
impair the specimens’ similarity for laboratory
studies [6]. It is of fundamental importance that
the in vitrotests present as much standardization
as possible in order to limit the influence of
intrinsic deviations presented by the dental
substrate on the evaluated outcome.

In this sense, the literature has explored the
use of a glass fiber-reinforced epoxy resin material
as a substitute for dentin substrate for in vitro
studies [7-10], since an industrially manufactured
material can reduce the sample standardization
bias considering the specimen variability [3].
Kelly et al. [7] validated an industrial material which
incorporates glass fibers in an epoxy resin (NEMA
G10, National Electric Manufactures Associations).
According to this study, the material was similar to
dentin in terms of elastic modulus (18.6 GPa) and
adhesion (when the material surface was treated with
8% hydrofluoric acid followed by silane application),
with a similar failure pattern of the restorative set
(ceramic bonded in dentin) to that observed in
clinical cases [7]. In addition, Abu-Izze et al. [10]
observed through finite element analysis that the
behavior of the glass fiber-reinforced epoxy resin
(GFRER) material was similar to the dentin substrate
regarding the stress distribution when bonded in
different ceramic materials.

Despite these results, there is heterogeneity
in the in vitro studies about the use of GFRER
considering the format of its commercially available
presentation as round-rod [8,10-13] or plate [14-20]
as a substitute material for dentin. It is known
that round-rod appears to have parallel fibers
surrounded by an epoxy resin and that the plate
format appears to have the glass fibers laid out in a
blanket shape over an epoxy resin. Therefore, since
the arrangement of dentinal tubules in the dental
crown influences the bond strength of dentin with
restorative material [21,22], could the arrangement
of glass fibers in relation to the epoxy resin of a
FRGR material influence its bond strength to a resin
cement? If the glass fibers were simply mixed with
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the epoxy resin, would this condition change the
adhesive capacity of the material?

There is no technical information or scientific
studies regarding the differences and the possible
influence of the glass fiber arrangement in relation to
the epoxy resin on the adhesive performance of this
material. Thus, its characterization, with an analysis
of elastic modulus, sorption, solubility, wettability,
adhesive performance and employability of GFRER
materials are not clear in the current literature.
Therefore, the aim of this study was to compare the
different GFRER formats available on the market
and an experimental one (epoxy resin mixed with
fiberglass) with human dentine in relation to
microshear bond strength, as well as analyzing the
surface topography, contact angle, elastic modulus,
water sorption, and solubility. The assumed null
hypothesis was that the different formats of the
GFRER material would not be significantly different
from human dentine considering the studied aspects.

MATERIAL AND METHODS

This in vitro study consisted of 4 groups:
human dentin (DENT); GFRER in plate shape
(PLATE); GFRER in round-rod shape (RR); and
experimental GFRER consisting of epoxy resin
mixed with fiberglass (EXP). The present study
was approved by the Research Ethics Committee
of the Federal University of Santa Maria (CAAE:
44655321.1.00005346). Human molar teeth used
in this study were obtained from the Human Teeth
Bank of the Federal University of Santa Maria. The
sample size for the bonding strength was determined
from the study by Kelly et al. [7] through a sample
calculation considering a statistical power of 80%,
average standard deviation of 2.2 and a detectable
difference of 2.6 MPa. The sample size was set at
n= 13, and the experimental unit was considered
the slice substrate, where 5 cylinders of resin
cement were cemented per slice (n= 65) in order
to evaluate the bond strength value. All materials
used in this study are presented in Table I.

Specimen preparation

Human Teeth - DENT

Non-carious human molar teeth were cleaned
(periodontal curette McCall 11/12, Golgran,
Sdo Caetano do Sul, Brazil) and the occlusal
surfaces were ground using a polishing machine
(EcoMet/AutoMet 250, Buehler, Lake Bluff, USA)
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with #400-grit silicon carbide sandpaper for tooth
enamel removal until dentin exposure and surface
standardization. The human teeth surface was kept
moist with gauze soaked in saline solution at room
temperature in contact with the specimen during
the entire preparation and analysis process prior
to the bonding procedure.

Glass Fiber-Reinforced Epoxy Resin — GFRER

For the round-rod (RR group), glass fiber-
reinforced epoxy resin material (Epdxi Pultrudado
F, Protec, Sdo Paulo, Brazil) in a round-rod format
(1000 mm X 10 mm in diameter) was cut into
2.7 mm thick discs in a cutting machine (Isomet
1000, Buehler) with a diamond disc under constant
water-cooling. For the PLATE group, glass fiber-
reinforced epoxy resin material (Epdxi Pultrudado
F, Protec, Sdo Paulo, Brazil) in plate format (3 mm X
950 mm X 1000 mm) was cut into a rectangular
shape (15 X 15 X 3 mm) using a handpiece
(KaVo Dental, Joinville, Brazil) with a diamond
disc (7047 - American Burrs, Palhoga, Brazil). To
fabricate the experimental material (EXP group), an
epoxy resin and catalyst (Technovit® EPOX, Kulzer
GbmH, Hanau, Germany) were manipulated for
5 minutes in a 2:1 ratio, respectively, according
to the manufacturer’s instructions. Chopped glass
fiber (glass fiber yarn, Fibertex, Louveira Produtos
Téxteis Ltda, Louveira, Brazil) (0.1 mm length)
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weighed on an analytical scale (FA2004, Coleman,
Santo André, Brazil) in the proportion of 10% in
relation to the weight of the epoxy resin mixture
was added to the epoxy resin, then mixed for 10
minutes and poured into a custom-made silicon
matrice (internal dimensions: 90 X 30 X 3 mm).
After complete polymerization of the epoxy resin,
the material was sectioned into cubes (15 X 15 X
3 mm) with a handpiece (KaVo Dental) and a
diamond disc (7047 - American Burrs).

Embedding process

All specimens from the 4 groups were embedded
in a cylindrical polyvinyl chloride (PVC) mold using
a self-cured acrylic resin (VIPI Flash, Pirassununga,
Brazil). To do so, the specimens (dentin and GFRER)
were fixed on the glass plate, wrapped in a wax sheet
number 7 (Lysanda, Sdo Paulo, Brazil) with 2 mm
height, leaving the top and bottom surfaces free of wax
to preserve its bonding surface above the PVC level.
Then, the PVC was placed over the specimen, the acrylic
resin was poured into the mold and left resting until
its final polymerization. All specimens were polished
(#400 and #600 SiC paper [1]) in a polishing machine
(EcoMet/AutoMet 250, Buehler) to remove any wax or
acrylic resin residue from the bonding surface. Next,
the specimens were cleaned in an ultrasonic bath
with distilled water for 5 minutes (1440 D, 50/60 Hz,
Odontobras, Ribeirdo Preto, Brazil).

Table | - Description of materials, commercial name, manufacturer and composition

Material

Glass fiber-reinforced epoxy resin —
Round-rod

Woven glass fiber-reinforced
epoxy resin — Plate

. Technovit® EPOX
Epoxy Resin

Glass Fiber

Commercial name and manufacturer

Epéxi Pultrudado F (Protec, Brazil)

Epéxi Pultrudado F (Protec, Brazil)

(Kulzer GbmH, Hanau — Germany)

Fiber glass yarn (Fibertex, Louveira

Composition

Glass fiber wire and epoxy resin

Woven glass fiber and epoxy resin

Benzyl alcohol, M-Phenylenbis, 3-aminomethyl-3, 5,
5-trimethylcyclohexylamine, 4-nonylphenol, branched

Glass fiber wire

Produtos Téxteis Ltda, Louveira, Brazil)

37% phosphoric acid

Dual-curing dental adhesive SEEFES

Condac Porcelana 10%

oz leletiliee wete (FGM, Joinville, Brazil)

Primer coupling agent

Resin cement

Acid Gel (Villevie, Joiville, Brazil)

(Ivoclar AG, Schaan, Liechtenstein)

Monobond N (lvoclar AG)

Variolink N (Ivoclar AG)

<37% phosphoric acid

HEMA*, dimethacrylate, phosphonic acidacrylate,
highly dispersed silicone dioxide, initiators, stabilizers,
potassium fluoride, alcohol solution

<10% hydrofluoric acid

methacrylate, phosphoric acid methacrylate and sulphide
methacrylate

Catalyst: Barium glass filler and mixed oxide,
dimethacrylates, ytterbium trifluoride, initiators and
stabilizers, and pigments. Base: Barium glass filler and
mixed oxide, dimethacrylates, ytterbium trifluoride,
initiators and stabilizers, and pigments

HEMA* — hidroxyethilmethacrylate; Bis-GMA- bisphenol-A glycidyl mathacrylate
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Surface treatment

The dentin surface was conditioned with
37% phosphoric acid (Acid Gel, Villevie, Joinville,
Brazil) for 15 seconds, washed with air-water-
spray for 30 seconds, and lightly dried with gentle
oil-free air-spray. Afterwards, the dual-curing
dental adhesive (ExciTE F DSC, Ivoclar AG,
Schaan, Liechtenstein) was actively applied for 10
seconds, followed by an air jet, and subsequently
light-cured with an LED device (Radii Cal,
SDI; Bayswater, Australia) at an intensity of
1200 mW / cm? for 10 seconds according to the
manufacturer’s recommendations.

GFRER materials were etched with 10%
hydrofluoric acid (Condac Porcelana 10%, FGM,
Joinville, Brazil) [22] for 60 seconds and washed
with air-water-spray for 30 seconds. Afterwards,
the specimens were cleaned in an ultrasonic bath
(1440D, Odontobras) with distilled water for 5
minutes to remove possible precipitate, and air
dried for 15 seconds. Then, the silane coupling
agent (Monobond N, Ivoclar AG) was actively
applied for 15 seconds with a microbrush, kept
intact for 45 seconds and after dried with an air
jet for 15 seconds, according to the manufacturer’s
recommendation for cementation of a glass ceramic.

Contact angle analysis

The contact angle was measured in the
specimens (n= 13) after surface etching via the
sessile drop technique using a goniometer (Drop
Shape analysis, model DSA 30S, Kruss GmbH,
Hamburg, Germany) connected to a computer
program (DSA3, V1 .0.3-08, Kruss). Using a
needle, one drop of distilled water (11 ul) was
dropped at the center of the specimens, and
the mean of 5 measurements per specimen was
collected after 5 seconds.

Surface roughness analysis

The roughness of bonding surfaces (n= 13)
was measured after etching. The measurement
was carried out using a contact stylus profilometer
(SJ-410, Mitutoyo, Japan). The Ra (the arithmetic
mean of the absolute values of the peaks and
valleys measured from a mean plane) and Rz
(the mean distance between the five highest
peaks and the five lowest surface valleys) were
calculated by the mean of 3 measurements in
each axis xand yof the specimen considering the
[SO:21920-2:2021 [23] parameters.
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Bonding procedure

Five starch matrices (Isabela, Sdo Caetano
do Sul, Brazil) with 1.0 mm of height and
1.2 mm of internal diameter were placed on each
treated specimen surface (n=65) and fixed with
wax number 7 (Lysanda) [24]. A single trained
operator performed the bonding procedures at
room temperature (25°C). The resin cement
(Variolink N, Ivoclar AG) base and catalyst pastes
were dispensed (1:1), manipulated according
to the manufacturer’s recommendations, and
inserted with a resin spatula (Titanium resin filled
no. 6, Indusbello Company, Londrina, Brazil) into
the starch matrices. The resin cement excess was
carefully removed with a micro brush, and the
resin cement of each starch tube was then light
cured (1200 mW/cm? of intensity; Radii Cal,
SDI) for 40 seconds. The specimens were stored
in distilled water at 37°C for 24 hours. After,
the starch tubes were carefully removed with a
clinical probe (#5, Golgran) and the resin cement
cylinders were individually assessed to guarantee
that no bubbles, defects, or pre-test failures
were present at the interface. Specimens with
any irregularity were excluded from tests. The
specimens were aged by thermocycling (12,000
cycles) with baths of 30 seconds between 5°C
and 55°C, and with a transfer time of 2 seconds
(Nova Etica; Sao Paulo, Brazil).

Microshear bond strength test - uSBS

The PVC cylinders were placed in a jig
attached to a universal testing machine (EMIC
DL1000, Sao José dos Pinhais, Brazil) so that the
resin cement cylinder was in alignment with the
center of the load cell, parallel to the adhesive
interface. A stainless-steel wire (@= 0.2 mm) was
looped around the specimen cylinder parallel to
and as close as possible to the cement-substrate
interface. The shear load was applied (10 kgF
load cell) at a rate of 1 mm/min until failure
occurred, and the data were recorded in Newton
(N). The bond strength (MPa) was calculated
using the formula “S=L/A”, where “S” is the
strength (MPa), “L” is the load at which the
specimen failed (N) and “A” is the area of the
adhesive interface (1.13 mm?).

Failure analysis

All tested specimens were inspected in a
stereomicroscope (Discovery V20, Carl-Zeiss,
Gottingen, Germany) with 10 — 50 X magnification
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to verify the failure type. The failures were
classified as adhesive (less than 50% of resin
cement remained at the adhesive interface)
or cohesive (more than 50% of resin cement
remained in the adhesive interface).

Topographic analysis

Two additional specimens of each group
were made, etched as mentioned above, cleaned
and sputter-coated with gold, and analyzed
under Scanning Electron Microscopy (SEM;
Vega3, Tescan; Brun, Czech Republic) to assess
the topography of materials at 100X and 1000 X
magnification.

Water sorption and solubility

Additional specimens (n= 6) of each material
of glass fiber-reinforced epoxy resin material with
equivalent volume were produced (169.52 mm?),
regardless of the geometric shape [25]. The
diameter and height of the specimens were
measured with a digital caliper with 1-um accuracy
(Mitutoyo; Kanagawa, Japan) at four equidistant
points from the center and the volume (V) was
calculated in mm?®. Specimens were then stored in
a desiccator with silica gel in a laboratory kiln (EL —
1.1, Odontobras) at 37°C for 24 hours and weighed
on an analytical scale (FA2004 — Coleman). This
cycle was repeated until a constant mass (variation
less than = 0.2 mg; M1) was obtained. After
determining M1, all specimens were individually
immersed in tubes with 10 ml distilled water and
stored in a bacterial greenhouse (Orion 502 —
FANEM, Guarulhos, Brazil) at 37°C for 25 days.
The specimens were weighed until constant mass
was reached (variation less than * 0.2 mg; M2).
Before the weighing procedures, each specimen was
washed in distilled water and dried with absorbent
paper. After M2, the same drying process described
for M1 was repeated until a new constant mass was
obtained (variation less than = 0.2 mg; M3). The
results of M1, M2, and M3, as well as volume were
entered into the following equations [26]:

Water Sorption equation:

_ M2- M3

Ws
P V

Water Solubility equation:

WsZ:Ml_M3
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Elastic modulus

To characterize the materials, the elastic
modulus of resin epoxy fiber-reinforced specimens
was measured by the non-destructive impulse
excitation technique in additional specimens
(n= 5) using a Sonelastic® device (ATCP
Physical Engineering, Ribeirdo Preto, Brazil)
with bar-shaped specimens (40 X 10 X 3 mm).
The impulse excitation technique (ASTM E1876)
consists in determining the elastic modulus of
the material based on the natural frequency
of a regular geometry sample (in this study
bar-shaped samples). The frequencies were
excited by a short mechanical impulse, followed
by acquiring the acoustic response using a
high-sensitive microphone. Next, the software
program determines the frequency spectrum by
a numerical calculation from the acoustic signal
that was captured. Based on this, the dynamic
elastic modulus was determined using the
ASTM standard, which considers the specimen
geometry, mass, dimensions, and frequencies
obtained using the equipment [27,28].

Data analysis

The statistical analyses were performed
using the SPSS statistical program (IBM SPSS
Software, v.27; IBM, Armonk, NY, USA). Surface
roughness and contact angle data were analyzed
by One-way ANOVA and Tukey’s post-hoc tests
were performed at a significance level of 0.05
since the data presented parametric distribution
(Shapiro-Wilk test) and homogeneity of variance
(Levene’s test).

Then, each slice of substrate (n= 13, with
5 starch tubes each slice, n= 65 starch tubes
each group) was considered as an experimental
unit and only the predominantly adhesive
failures were included in the wSBS analysis.
One-way ANOVA and Tukey’s post-hoc tests
were performed at a significance level of 0.05 as
the bond strength data presented parametric
distribution (Shapiro-Wilk test) and homogeneity
of variance (Levene’s test).

The values obtained for the elastic modulus
by the specific program for acquiring the elastic
modulus of commercial and experimental
materials were analyzed by One-way ANOVA,
and Tukey’s post-hoc tests were performed at a
significance level of 0.05 since the data presented
parametric distribution (Shapiro-Wilk test)
and homogeneity of variance (Levene’s test).
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The DENT elastic modulus value was taken
from previous literature [7,29]. The results of
the water sorption and solubility analysis were
descriptively analyzed.

RESULTS

The EXP, RR and PLATE groups presented
similar contact angles (p= 1.000) and higher
than the DENT group (Figure 1). Considering
the roughness analysis, the highest mean surface
roughness was presented by the RR and PLATE
groups and the lowest by the DENT and EXP
groups (RR > PLATE > EXP > DENT) (Table II).

According to the one-way ANOVA and
Tukey’s test, the microshear bond strength
results were statistically influenced by the tested
substrate (p< 0.001). There was no statistical

DENT
58.2 (19.6)8
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difference of bond strength between human dentin
(8.40 MPa) and GFRER material in round-rod
format (10.24 MPa) (p= 0.466) (Table III). The
GFRER material in plate format promoted the
highest bond strength values (17.11 MPa), while
the experimental material presented the lowest
values (4.46 MPa) (Table III). The main type of
failure for all the groups was adhesive (Table III
and Figure 2), and the EXP group showed the
highest number of pre-test failures (Table III).

Topographic analysis showed that acid
etching modified the surface of the different
substrates analyzed (Figure 3). It was possible to
observe removal of the surface layer of the epoxy
matrix and greater exposure of the glass fibers in
the RR and PLATE groups. The conditioning in
the EXP group appears smoother for the surface
epoxy resin matrix (Figure 3).

PLATE
83.0 (7.3

RR
81.8 (11.7)A

EXP
80.2 (7.0)*

Figure 1. Representative figures, mean and standard deviation of the surfaces contact angle in each group post-etching with phosphoric acid

(DENT) and 10% hydrofluoric acid (PLATE, RR and EXP).

Table Il - Mean and standard deviation of surface roughness (Ra and Rz parameters in pm), elastic modulus, sorption, and solubility (n=6)

Roughness
Groups Elastic Modulus (GPa)  Sorption (pg/mm?) Solubility (pg/mm?3)
Ra Rz
DENT 0.331(0.076) © 2.487 (0.632) © 18.00* - -
PLATE 0.606 (0.038) ## 3.806 (0.259) B¢ 30.47 (0.85) # 0.0000059 (0.00) 0.00 (0.00)
RR 0.687 (0.063) A 4.093 (0.341) *8 29.37 (1.96) A 0.0000059 (0.00) 0.00 (0.00)
EXP 0.562 (0.178) B¢ 5.259 (0.319) * 18.10 (1.64) ® 0.0000118 (0.00) 0.00 (0.00)

Different uppercase letters in each column means significant statistical difference based on ANOVA and Tukey's post-hoc tests (0=0.05) for

roughness analysis and elastic modulus.
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Adhesive failure Cohesive failure

Resin cement

Figure 2. Representative imagens of failure analyses on Stereomicroscope (30x magnification) of the glass fiber-reinforced epoxy resin substrate.

Figure 3. Representative topographic images on Scanning Electron Microscopy (100x and 1000x magnification) of the different materials with
and without surface treatment.

Table Il - Microshear bond strength (mean and standard deviation) in MPa, and types of failure evaluated after the bond strength tests —
predominantly adhesive (A), predominantly cohesive (C) and the total of pre-test failures (PTF)

DENT 8.40 (3.42) & 8 (12.30) 1(1.75) 56 (86.1)
PLATE 17.11 (2.89) # 1(1.75) 6(9.23) 58 (89.23)
RR 10.24 (4.19) ® 8 (12.30) 3 (5.26) 54 (83.07)
EXP 4.46 (1.88) © 26 (40.0) 2 (3.07) 37 (56.92)

Same uppercase letters indicate statistical similarity reported by one-way ANOVA and Bonferroni post-hoc test (a= 0.05).
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The results of the sorption and solubility analyzes
(Table IT) showed that the materials presented
dimensional stability when immersed in water.
The statistical analysis of the modulus of elasticity
(Table II) showed that the PLATE (30.47 GPa) and RR
(29.37 GPa) groups were statistically similar to each
other (p = 1.000) and greater than the EXP group
(18.10 GPa) for the same reference value used for DENT.

DISCUSSION

This in vitro study evaluated the roughness,
contact angle, microshear bond strength with
resin cement, topography, water sorption and
elastic modulus of GFRER with different glass fiber
arrangements when compared to human dentin. The
null hypothesis was rejected, since differences between
dentin and the GFRER occurred in all outcomes.

In this study, both commercial GFRER
materials presented similar surface roughness to
each other, but higher than human dentin, which
was similar to experimental epoxy resin. This may
be due to the difference between the materials in
terms of amount of epoxy resin and fiber. Dentin
is a biological material, which is constituted
by dentinal tubules that are surrounded by a
highly mineralized peritubular area [30,31].
Furthermore, this area largely consists of collagen
with apatite crystals and dentinal fluid [5], and the
tubules are arranged in a radial arrangement [21].
The industrial material has a different composition
and glass fiber arrangement. The plate material
is composed of mantle layers of glass fibers
intertwined throughout the material, which can
be visualized through the topographic analysis
(Figure 3), with the fibers in both horizontal and
vertical directions incorporated into the epoxy
matrix. On the other hand, the fibers in the round-
rod material are presented from the outside as
continuous, arranged parallel to the long axis.
When the SEM image is analyzed in a cross-section
along the long axis of the rod, it is observed that the
glass fibers are incorporated parallel to each other
in the epoxy resin matrix (Figure 3). However,
the glass fibers in the experimental material were
cut and incorporated into the epoxy resin matrix,
presenting a more heterogeneous positioning of
fibers (Figure 3). Furthermore, there is a greater
amount of epoxy resin than fiber in this material
compared to commercial materials, which makes
this material smoother, reducing its roughness,
and making it numerically closer to dentin, but
not qualitatively, as shown in Figure 3.

Characterization of glass fiber-reinforced epoxy resin materials
as a substitute for human dentin for bond strength tests

When considering the contact angle (Figure 1),
dentin presented a lower contact angle than all
GFRER materials. This may have occurred due to the
difference between the surface energy of the epoxy
resin together with the fiber and human dentin. The
wettability of human dentin is strongly dependent
on roughness, chemical composition, and hydration
state, and can be influenced by the density number
of the tubules [32]. Acid etching is considered an
important surface treatment to improve dentin
adhesion, since it causes morphological, chemical,
and energetic changes [33]. The etching agent can
reduce or eliminate the dentin mineral content
and cause changes in substrate surface and
subsurface, exposing the dentinal tubules, and
therefore the collagen network, which increases
roughness [5,34]. Rosales-Leal [33] states that
the exposure of the dentinal tubules increases
the hydration and the surface roughness, and
consequently the wettability, promoting a smaller
contact angle in the dentin. Considering the high
contact angle values presented by the GFRER
materials, Hameed et al. [35] evaluated the
incorporation of glass fibers in an epoxy resin
matrix and observed a considerable decrease in
the hydrophilic capacity of the epoxy material,
decreasing its wettability due to increasing the
number of non-polar groups exposed on the surface,
and considerably increasing the contact angle of
the material.

Topographic SEM images (Figure 3) post-
etching shows a similar pattern between the
DENT and RR group, and the same was observed
in the study by Chen et al. [20] (in evaluating the
flexural strength of the GFRER material compared
to dentin). The SEM analysis (Figure 3) for the
PLATE substrate shows a complex arrangement
of the fibers in different directions, which seems
to provide greater mechanical interlocking
between its surface and the restorative material,
increasing the bond strength (Table III). The
irregular disposition and smaller number of
glass fibers on the surface (Figure 3), and the
low interaction between the resin cement and
the epoxy resin in the EXP group can explain the
significant reduction in the uSBS values and the
high number of pre-test failures (Table III and
Figure 2). Thus, it can be inferred that not only
the glass fiber arrangement within the epoxy resin
influences the bond strength of GFRER with resin
cement, but also the amount of glass fiber and its
interaction with the epoxy resin, although these
aspects were not measured in the present study.
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The sorption and solubility analyses were
conducted considering that the substrate is
susceptible to volumetric expansion when exposed
to water during aging or storage of the samples,
which may generate damage to the bonding
interface between the restorative material and the
substrate, compromising the study result [36].
Furthermore, Ray and Rathore [37] state that when
the GFRER material is exposed to water, moisture
can be absorbed by the polymeric (epoxy resin)
matrix causing it to swell, and this can induce
internal stresses or relieve residual stresses caused
by contraction during curing of the polymers,
possibly resulting in micro voids or cracks, which
would weaken the polymer or the epoxy/fiber
interface bond. Berketis and Tzetzis [38] report
that this material has short-term dimensional
stability as a characteristic; however, exposure for
long periods (3 to 12 months) can compromise
its dimensional stability and its mechanical and
structural properties, and this factor is highly
dependent on the temperature to which the material
is exposed (> 43°C) [38-40]. The specimens in our
study were exposed to moisture for a short period
of time (25 days) and to low temperatures (35°C),
which may explain the dimensional stability found.

Ziskind et al. [41] pointed out that the intrinsic
morphological and microstructural variations
of dentin are responsible for differences in the
evaluated elastic modulus, which is an important
factor in dissipating the contraction stress of the
material, in addition to damping and dissipating the
impacts on the masticatory function [41,42]. The
commercial GFRER materials in plate and round-rod
formats showed statistically equal and higher elastic
modulus values than the experimental material
and human dentin (reference value), respectively
(Table II) [43]. Atmakuri et al. [44] states that
the reinforcing material (glass fiber) works as a
stiffening agent, while the matrix material (epoxy
resin) not only serves as a bonding agent, but also
distributes external forces (load) that act on the
fiber composite. Thus, the greater number of fibers
presented by commercial materials, as seen in the
SEM images (Figure 3), confers greater rigidity to
the material, while the experimental material has
a smaller number of glass fibers and less complex
structural arrangement, and so it presents a more
similar elastic modulus to human dentin (Table II).

Finding a material to be used as a substitute
for human dentin substrate which has similar
elastic, mechanical and adhesive behavior to that
of hydrated dentin is an important step [7,8] to
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simplify the preparation of specimens [45], in
addition to seeking a methodology with greater
structural reliability [10]. Despite the differences
between the roughness, contact angle and elastic
modulus values between dentin and the GFRER
round-rod format, the bond strength values
and the topography between these substrates
were statistically similar (Table I, Figure 3).
Thus, the round-rod format seems to be the
most recommended material investigated in this
study for human dentin substitute for microshear
bond strength tests, for the adopted parameters
and evaluated cementation protocol. Despite
the similarity of nomenclature and generic
composition, the data should be analyzed with
caution due to the lack of data available from
different manufacturers of glass fiber reinforced
epoxy resin materials [7,8,15]. The intrinsic
properties presented by each epoxy resin,
classification of the reinforcement material and
manufacturing methodology imply different
behaviors and must be considered in any data
extrapolation [37]

Future studies should seek greater knowledge
and characterization of the dentin-analogue
material. Different GFRER surface treatment
strategies should be investigated, such as the
influence of this factor on the bond and fatigue
behavior. Additionally, it is important to note
that, although each material was subjected to its
specific recommended surface treatment prior
to bonding, this may have generated different
conditions among the groups, thereby potentially
limiting the comparisons. Despite that, it was
concluded that the glass fiber arrangement within
the epoxy resin influences the bond strength
results of the analog to dentin and the glass fiber
reinforced epoxy resin material in the round-rod
format can be used as an alternative substrate to
human dentin in bond strength tests considering
the cementation protocol utilized herein.
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