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Abstract

Effects of Thermocycling
treatment on the Mechanical and
Chemical Changes of Resin—based

Composites in Acidic Environment

Seungho Kang, D.D.S, M.S.D
Program in Conservative Dentistry
Department of Dental Science
Graduate School, Seoul National University
(Directed by Prof. Byeong—Hoon Cho, D.D.S., M.S.D.,
Ph.D.)

Objectives. This study investigated the aging effects of long—term
exposure to acidic beverages on the flexural strength (FS) and
chemical reactions of two resin—based composites (RBCs, Tetric

N—Ceram bulkfil and Z250) and one giomer (Beautifil II).

Materials and Methods. The specimen bars (2 mm X 2 mm X 25

mm) were aged at various levels of thermocycling (TC, 0, 10,000,

ii



50,000, and 100,000 cycles) in two beverages with different pH
values (distilled water [DW], pH 7.0; Coca—Cola, pH 2.4—2.8). The
aged specimens were subjected to a 4-—point bending test. A
compressive load was applied using a universal testing machine (LF
Plus, Lloyd Instruments, Fareham, UK) at a crosshead speed of 0.5
mm/min. A scanning electron microscopy (SEM, Apreo S, Thermo
Fisher Scientific, Waltham, MA, USA) was used to observe the edge
adjacent to the fracture margin on the bottom surface under tension
and the fractured surface of the specimen bars. Fourier transform
infrared spectroscopy in attenuated total reflectance mode (FTIR-—
ATR) spectra were recorded for Z250 only using an FTIR system
(Spectrum 100, PerkinElmer, Waltham, MA, USA). The absorption
spectra of each cured specimen were measured four times of TC.
X—ray photoelectron spectroscopy (XPS, K—Alpha+, ThermoFisher
Scientific, Waltham, MA, USA) analysis was performed to compare
changes in the chemical characteristics on the bottom surface of the
7250 specimens under tension between neutral DW and acidic
Coca—Cola. The FS data were analyzed using three—way analysis
of variance with the post hoc Tukey test and t—test at a

significance level of a=0.05.

Results. In DW, the FS of an RBC, Tetric N—Ceram Bulk fill, and a
giomer, Beautifil II, did not decrease until 10,000 cycles, but
significant decreases were observed at 50,000 cycles in both
products (p<0.05). Although the initial FS of the other RBC, Z250,

was higher than those of Tetric N—Ceram Bulk fill and Beautifil II,
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the FS of Z250 decreased continuously until 50,000 cycles
(p<0.05), followed by no additional decrease until 100,000 cycles.
In Coca—Cola, the FS of all materials decreased more rapidly than
in DW from 10,000 cycles (t—test, p<0.05). Thereafter, until
100,000 cycles, the FS of Beautifil II and Tetric N—Ceram did not
show any statistically significant decrease. However, Z250 showed
an increased FS at 100,000 cycles in both aging solutions (p<0.05).
In the SEM images, as the number of cycles increased, irregularly —
shaped larger fillers and more pores were observed on the surfaces
of the specimens. For the same number of cycles, more pores were
observed in Coca—Cola than in DW. The changes of the hydroxyl

! and the ester group observed at

group observed at 3340 cm™
1730—1700 cm™! were observed using FTIR-ATR. In DW, no
significant change was observed even after TC. In Coca—Cola, the
hydroxyl group peak of 3340 cm™! shifted to 3270 cm ! after TC,
showing a wider and gentle slope than the before. The easter group
observed at 1730—1700 cm™! has a peak shifted to 1733 cm ™!, and
has changed to a narrower and sharper peak than before. In XPS, a
decrease in the C=C peak and an increase in the C—0 peak were
commonly observed after TC. In DW, the Si—O peak gradually
increased compared to the Si—C peak, and in Coke, the Si—O peak

increased, but not gradually, and after 100,000 times, it became

similar to that of DW.

Conclusion. When TC was performed in DW, unreacted monomers

and coupling agent were washed out, which caused porosity and
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reduced FS. In Coca—Cola, acidic conditions accelerated removal of
the matrix through the hydrolytic reaction at the ester groups,

resulting in more porosity and a faster decrease in FS than in DW.

Keywords : Aging; Chemical change; Flexural strength;

Resin—based composite; Surface roughness

Student Number : 2019—-30042
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Effects of Thermocycling treatment on the
Mechanical and Chemical Changes of Resin-

based Composites in Acidic Environment

Seungho Kang, D.D.S, M.S.D
Program in Conservative Dentistry
Department of Dental Science

Graduate School, Seoul National University
(Directed by Prof. Byeong—Hoon Cho, D.D.S.,
M.S.D., Ph.D.)

INTRODUCTION

Resin—based composites (RBCs) have shown continual

improvements in their mechanical and esthetic properties. As these

materials improve, they are being used to replace amalgams.''?

However, RBCs are challenged by various harsh conditions in the

1]
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oral environment, including chemical, mechanical, and thermal
stresses. Although most beverages consist mainly of water, some
have adverse chemical and thermal effects on RBCs, depending on
the nature of their ingredients, pH, and temperature. Due to the
different coefficients of thermal expansion between tooth
substrates and restorations, RBCs may also be affected by the
ingestion of foods with different temperatures. Repeated exposure
to adverse oral environments may cause the matrices of RBCs to
dissolve and the fillers to peel off and finally separate at the bonded

interface.”*

Most RBCs contain bisphenol A—glycidyl methacrylate (Bis—GMA)
and triethylene glycol dimethacrylate (TEGDMA) as matrix
monomers, and silane as coupling agent. They have C=C functional
groups at their ends and are polymerized by reacting with radicals.
The C=C bonds at the end of the ester group can be hydrolyzed
under certain conditions. Therefore, RBCs also can be hydrolyzed
by continuous exposure to saliva in the oral cavity, and the
hydrolysis of dental resin can be accelerated by enzymes and acids.
Bonds formed between a coupling agent and an inorganic filler are
prone to hydrolysis.”®” The primary byproduct of the hydrolysis of

methacrylates is methacrylic acid (MA). The degradation of Bis—



GMA and TEGDMA results in the formation of bishydroxy—
propoxy—phenyl—propane (BisHPPP) and triethylene glycol
methacrylate (TEGMA). Further breakdown of TEGMA leads to the
creation of triethylene glycol (TEG).® Chemical degradation of
RBCs results in deterioration of the structure, such as degradation
of chemical bonds within matrix and/or between matrix and fillers,
and consequently, deterioration of material’ s mechanical

properties.

Giomer and bulk—fill composite resins have different compositions
from those of conventional RBCs, including different matrix
monomers, fillers, and photoinitiators, which can create varied
physical properties and result in different chemical reactions in the
oral cavity. Giomers have surface pre—reacted glass—ionomer (S—
PRG) fillers that exert antimicrobial activity against Streptococcus
mutans by releasing multiple ions from the glass—ionomer phase
formed in the filler. This material combines the fluoride—releasing
abilities of a resin—modified glass ionomer and the improved
physical properties of a composite resin.”!?!!''? Because S—PRG
fillers contain a variety of elements, the properties of giomers may
be affected by the bonding between matrices and fillers; therefore,

aging may affect the strength of giomers. The mechanical



properties of bulk—fill composite resins have been debated. Some
authors have reported that the values of their mechanical properties
were lower than those of conventional RBCs, while others reported

that the values were close to those of conventional RBCs. !4

Among the various beverages that are widely consumed around the
world, Coca—Cola is one of the most destructive beverages to the
dentition. It has a low pH (2.4~2.8) and it is known to corrode tooth
substrates and intraoral restorations because it contains highly
acidic carbonic acid. > ' Coca—Cola also contains several
ingredients that have demonstrated complicated reactions with oral
biofilm, tooth substrates, and dental materials. The high level of
sugar in Coca—Cola also acts as a nutrient for the growth of oral
bacteria. Therefore, it is thought that frequent consumption of
Coca—Cola may increase the incidence of dental caries, and many
studies have used Coca—Cola as a reference drink that can cause
dental caries.!”!'® Several studies have also observed that the
mechanical properties of resins decreased when exposed to
beverages that contained corrosive chemicals, affecting the

durability and longevity of the resins.!%20:21:22

Thermocycling (TC) 1is an experimental method that places

materials in alternating hot and cold liquids. As a result, the material

4 2] .

3 =11 =1
|-1-'l| .J!'

L



repeatedly contracts and expands and undergoes an accelerated
process of aging. In most experiments, TC procedures are
performed at a relatively low number of cycles (5,000—10,000
cycles); 10,000 cycles are generally considered as 1-—year
equivalence, a relatively short period.?*?! However, the longevity of
RBCs in the oral cavity has been reported to be 5—22 years
(average 7.8 years), making it necessary to conduct longer—

frequency TC tests (i.e., with more cycles).*°

The objective of this study was to evaluate the effects of long—
term aging in an acidic beverage on the flexural strength (FS) and
chemical structure of two different RBCs and a giomer. The FS of
two RBCs and a giomer was tested using a universal testing
machine following various lengths of TC (up to 100,000 cycles) in
two beverages with different pHs (distilled water [DW], pH 7.0 and
Coca—Cola, pH 2.4—2.8). Causative factors such as surface defects
were investigated using scanning electron microscopy (SEM). To
investigate the chemical changes, Filtek Z250 (3M ESPE, St. Paul,
MN, USA) were analyzed as a representative RBC using Fourier
transform infrared spectroscopy in attenuated total reflectance
mode (FTIR—ATR) and X—ray photoelectron spectroscopy (XPS).

The null hypothesis tested was that the FS and chemical structure



of the RBCs would not be affected after varied frequencies of TC in

two aging solutions.

MATERIALS AND METHODS

Three materials were selected to observe the difference between
Conventional composite resin, Bulk fill composite resin and Giomer.
The three materials have different composition of matrix and filler.
The dental RBCs used in this study were Tetric N—Ceram Bulk Fill
Shade A3 (Ivoclar Vivadent, Schaan, Liechtenstein) for Bulk fill
RBC and Filtek Z250 microhybrid Shade A3 (3M ESPE, St. Paul,
MN, USA) for Conventional RBC. A giomer, Beautifil II Shade A3
(Shofu Dental Corporation, Osaka, Japan), was also used for

comparison.

The composition of the materials is shown in Table 1.

Sample preparation

The specimen bars for FS test were prepared using a polyethylene
6 -":lx_-i ""I:.' 1_..ii
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mold (2 mm wide X 2 mm high X 25 mm long). All composite
specimens (n=420) were light—cured for 20 seconds with two
parallel—bound light—guide tips of two light—emitting diode (LED)
curing units (B&Lite, B&L Biotech., Gyeonggi—do, Korea). The
bound tips were mounted on a stable custom—made stand and
placed on the specimen in the mold. The specimen was light—cured
through a 0.5 mm thick glass cover slip located in—between the
specimen and light—guide tip. Each light—guide had a convex lens,
which enabled two parallel—=bound tips to light—cure the whole
specimen at a time (Figure 1). The light intensity of the curing—
light was 650 mW/cm? which was confirmed with a radiometer
(Model 100, Kerr Demetron, Bracknell, GB) before starting the
experiments and re—measured after every 20 polymerizations.
When the battery power of the light curing unit decreased to 50%,
the light curing unit was replaced with a fully charged one. After
light curing, the samples were removed from the mold and polished
with 600 grit SiC papers under copious tap water. Then, they were
stored in DW at 37 T for 24 hours to ensure post—cure
polymerization. From the 140 specimens of each restorative, 20
specimens were randomly separated to measure the immediate FS.
The remaining 120 specimens were divided into two groups: one

group was placed in distilled water (DW; neutral pH) and the
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second group was placed in Coca—Cola (pH, 2.4—2.8; Coca—Cola,
The Coca—Cola Co., Atlanta, GA, USA). Sixty specimens in each
group were also divided into three subgroups =20 each)
according to TC frequency (10,000, 50,000, and 100,000 cycles).
The specimens were placed in a metal basket and thermocycled
between baths containing either DW or Coca—Cola at 5 TCand
55 Twith a dwell time of 24 seconds and a rest time of 6 seconds.
The Coca—Cola solution was changed every 3 days, and its pH was
maintained between 2.48 and 2.14 using a pH meter (HI8314,
Hanna instruments, Woonsocket, RI, USA). The pH of Coca—Cola in
the baths was maintained lower than 2.48, even on the third day,

after the evaporation of carbon dioxide gas.

FS testing

The specimens were subjected to a 4—point bending test. The
sample was placed centrally on 2 lower supporting pins that were
20 mm apart. The upper loading plunger had 2 loading pins 10 mm
apart, which were placed centrally over the sample. A compressive
load was applied using a universal testing machine (LF Plus, Lloyd

Instruments, Fareham, UK) at a crosshead speed of 0.5 mm/min



until the specimen was broken.

SEM analysis

To investigate the effect of thermocycling on the surface
degradation of resin composites under neutral and acidic conditions,
SEM (Apreo S, Thermo Fisher Scientific, Waltham, MA, USA) was
used to observe the edge adjacent to the fracture margin on the
bottom surface under tension and the fractured surface of the
specimen bars. After Coca—cola removal in an ultrasonic bath with
warm DW for 10 seconds, the specimens were fully dried overnight
in a vacuum jar, sputter—coated with platinum, and observed under

SEM. The SEM images were taken at X 10,000 magnification.

FTIR—ATR analysis

FTIR—ATR spectra were recorded for Z250 only using an FTIR
system (Spectrum 100, PerkinElmer, Waltham, MA, USA) equipped
with an ATR unit. The ATR absorption spectra of the fully dried
composite specimens were obtained from the bottom surfaces of

the specimens in the region of 400-4,000 cm ! wavelength using a
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mode of 4 scans at a resolution of 16 cm™'. The absorption spectra
of each cured specimen were measured four times during the study:
at 4 time points of TC, i.e., after 24 hours of storage in DW (.e.,
before TC), and after 10,000, 50,000, 100,000 cycles of TC in
either DW or Coca—Cola. The changes in spectra after TC were

analyzed according to the solution.

XPS analysis

XPS analysis (K—Alpha+, ThermoFisher Scientific, Waltham, MA,
USA) was performed to compare the changes in the chemical
characteristics of the bottom surface of the Z250 specimens under
tension between neutral DW and acidic Coca—Cola. The
measurements were carried out using an Al Ka X-ray source
(1486.6 eV) at 15 kV and 100 W. The baseline pressure of the
analysis chamber was maintained at approximately 2 x 107° mbar.
The spectra of XPS were collected in a high—resolution mode with a
pass energy of 40 eV and an energy step size of 0.1 eV. The
energy scale was calibrated using the Cls level of 284.6 eV. The
XPS spectra were processed with Shirley background subtraction

and fitted with mixed Gaussian—Lorentzian functions.
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Statistical analysis

SPSS version 12.0.1 (SPSS Inc, Chicago, IL, USA) was used to
analyze the data obtained. The normality of the data distribution
was tested using the Shapiro—Wilk test (p>0.05), and then
parametric data analysis was used. Homogeneity of variance was
assessed using the Levene test (p>0.05). According to 3—way
analysis of variance (ANOVA), the FS values within each variable
were significantly different among groups (p<0.05, the main effects
in Table 2). There were significant interaction effects between
variables (p<0.05), except for solution X material (p=0.518, Table
2). Therefore, for comparisons of variables showing significant
interaction effects (i.e., material and TC), one—way ANOVA
followed by the Tukey post hoc test was used for multiple
comparisons. Inter—solution differences were evaluated using the
t—test. All statistical analyses were carried out at a significance

level of a=0.05.
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Results

Flexural strength

Before TC, similar FS results were observed for Beautifil II (giomer)
and Tetric N—Ceram Bulk fill (68.57*11.73 and 69.62+7.92 MPa,
respectively). In DW, there was no significant decrease in the FS at
10,000 cycles, but significant decreases were observed at 50,000
cycles in both products (p<0.05, Table 2). Thereafter, the FS of
both restoratives did not show a significant increase or decrease at
100,000 cycles. When analyzing the Z250 specimens, the initial FS
was higher than those of the other RBC and giomer, but it
decreased significantly at 10,000 cycles in DW (p<0.05, Table 2),
and it continued to decrease until 50,000 cycles (p<0.05). However,
in Coca—Cola, the FS of both RBCs and giomer decreased rapidly at
10,000 cycles (p<0.05, Table 2), but thereafter, until 100,000
cycles, the FS of Beautifil II and Tetric N—Ceram did not show any
statistically significant changes. However, Z250 showed an

increased FS at 100,000 cycles in both aging solutions (p<0.05).

The FS of both RBCs and giomer was significantly lower in Coca—
Cola than in DW only at 10,000 cycles (t—test, p<0.05). At 50,000

and 100,000 cycles, the FS of each restorative became statistically
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equivalent in both aging solutions.

SEM analysis

In initial samples, fillers with various sizes and shapes were
observed, and small pores were observed between fillers (Figures
2—0, 3—0, and 4—-0). As the number of cycles increased,
irregularly —shaped larger fillers and more pores were observed on
the surfaces of the specimens. For the same number of cycles,
more pores were observed in Coca—Cola than in DW. In the
condition of 10,000 cycles in DW, fillers on the surface were
observed (Figures 2—a, 3—a, and 4—a), but in the Coca—Cola
solution, fillers were not observed on the surface; instead, the resin
matrix with scattered small pores covered on the specimen surface
(Figures 2—A, 3—A, and 4—-A). In DW, small pores became
increasingly prevalent at 50,000 cycles, and defects where the
fillers were peeled off were observed as surface pores at 100,000
cycles; however, many filler particles were still observed (Figures
2—c, 3—c, and 4—c). In Coca—Cola, at 10,000 cycles, the surface
mostly consisted of resin matrix with pores containing a few filler

remnants; after 50,000 cycles, the pores were increased and
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enlarged (Figures 2—B, 3—B, and 4—B). After 100,000 cycles in
Coca—Cola, the cavities where the fillers were peeled off were

connected, leaving behind large defects and narrow matrix networks

(Figures 2—C, 3—C, and 4—C).

The three restorative materials showed different features on SEM.
Beautifil II had irregularly shaped fillers of various sizes and
numerous small pores (Figure 2—0). Compared to Beautifil II, the
pores of Tetric—=N—Ceram were clearly smaller (Figure 3—0). In
the case of Z250, irregularly shaped larger nanocluster fillers and
small round fillers were initially observed on the specimen surface
(Figure 4—0). The small pores increased from 10,000 to 100,000
cycles, but were present to a much lesser extent than in Beautifil II
and Tetric=N—Ceram. After 100,000 cycles in Coca—Cola, large
holes caused by peeled—off fillers were also observed in the

samples (Figure 4—C).

FTIR—ATR analysis

Peaks originating from functional groups of the base resin, including
bis—GMA, TEGMDA and urethane dimethacrylate (UDMA), and

fillers were observed in the FTIR—ATR spectra of Z250. The



aliphatic C=C peak at 1638 cm ! decreased after polymerization,
confirming that polymerization took place (Figures 5 and 6). In DW,
no differences were found in the shape and position of the ester
peak (R—COO-R) at 1718 cm ! or the hydroxyl peak (—OH) at
3340 ecm™! according to increasing number of cycles (Figure 5).
However, when specimens were treated in Coca—Cola, the shape
and position of hydroxyl peak were broadened and shifted to 3270
cm™! (Figure 6, from narrow red peak to broad green peak in the
left box). These hydroxyl peaks must have originated from the —
OH group in the matrix and added by the hydrolysis reaction.
Another broad peak corresponding to the ester group in the matrix
resin was observed between 1730 cm™' and 1700 cm™! in the
FTIR—ATR spectra of the unaged specimens and specimens aged in
DW, while a sharp peak corresponding to the ester groups left at
1733 cm™! in the spectra of specimens aged in Coca—Cola (Figure 6,

from broad red peak to narrow green peak in the right box).

XPS analysis

The atomic compositions and chemical characteristics of Z250 were

characterized by XPS analysis. Peaks corresponding to C, O, F, Al,
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Si, Zr, Ba, and Yb were observed in the XPS wide—scan spectra of
the composite. As shown in Figure 7, the observed Cls peak was
deconvoluted into its component peaks. In Z250, the intensity of the
ether peak (C—0) relative to other peaks, especially C=C peak,
increased after TC (Figure 7). In DW, it was observed that the
relative peak intensity of the ether group gradually increased with
prolonged TC. The relative peak intensity of the ether group after
10,000 cycles in Coca—Cola was almost the same as that after
100,000 cycles in DW (Figure 7). The relative decrease of the C=C
peak and the relative increase of the C—0O peak resulted from the
removal of the unreacted functional group, C=C, from the surface.
In water, gradual elimination (wash—out) of unreacted aliphatic
C=C groups occurred slowly, but this reaction occurred more easily

and faster in acidic conditions (Coca—Cola, Figure 7).

The Si—0 peak was relatively higher than that of Si—C after 10,000
cycles in DW, and it progressively increased until 100,000 cycles
(Figure 8). In Coca—Cola, the relative intensity was not as
consistent as in DW, and after 100,000 cycles, it was at the same

level as in DW.
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Discussion

This study investigated how the mechanical strength and chemical
characteristics of RBCs and a giomer changed after long—term
aging in an acidic environment. The specimens were aged for
100,000 cycles, approximating 10 years of clinical service.?**
Changes in the mechanical strength were evaluated by measuring
the FS with a four—point bending test. The surface changes
observed using SEM were used to interpret changes in the FS
visually. The decrease in the FS was correlated with surface
degradation in the SEM images. The chemical changes in the
functional groups and the changes in the binding energy were
explained using FTIR and XPS of Z250, respectively. As the main
finding of this study, the FS decreased with an increasing number of
cycles, but it decreased more rapidly in the acidic environment at
10,000 cycles. In the SEM images, more pores were observed in
Coca—Cola than in DW. According to the FTIR—ATR analysis of
7250, an additional hydroxyl peak was added at around 3200 cm™,
and the ester peak at 1700 cm™' disappeared in the Coca—Cola, in

contrast to what was observed in DW. In XPS, a relative increase of

the C—0 peak occurred gradually in DW, but rapidly in Coca—Cola.
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In DW, a steady increase in the Si—0O peak was observed, unlike in
Coca—Cola. Therefore, the null hypothesis that the FS and the
chemical structure of RBCs and a giomer would not be affected
after varied frequencies of TC in two aging solutions with different

pH values was rejected.

After 10,000 cycles, FS decreased significantly in Coca—Cola
compared to DW. The FS values of the RBCs and the giomer in
Coca—Cola after 10,000 cycles were approximately the same as
those after 50,000 cycles in DW, and this finding may be an
indication that TC in Coca—Cola exhibits an aging effect 5 times
faster than TC in DW. After 100,000 cycles in both conditions, the
FS of Z250 increased slightly but significantly, in comparison to the
continuous decrease of the FS until 50,000 cycles. However, the FS
of the other RBC and the giomer (Beautifil IT and Tetric N—Ceram
Bulk Fill) was statistically equivalent after 50,000 or 100,000
cycles. The increase in the FS of Z250 after 100,000 cycles may be
a result of an increase in polymerization due to the warm

temperature (55C) during TC.* 2728

A few previous study
performed TC up to 100,000 cycles, and additional research is

needed to investigate the changes in the degree of conversion (DC)

according to the number of cycles.
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After polymerization, a dental RBC becomes brittle. Surface
observations are important because the strength is affected by the
distribution of cracks.?”®? In this study, the specimen surface after
four—point bend flexural strength test was observed under SEM.
The SEM images clearly showed the shape of the fillers and defects
that occurred after TC. In all the RBCs and giomer, defects
increased as the number of cycles increased, but the surface
degradation patterns were different among restorative materials.
The highest porosity was observed for Beautifil II, followed in
descending order by Tetric N—Ceram Bulk Fill and Filtek Z250. In
Beautfil II, the surface porosity after 10,000 cycles in Coca—Cola
was similar to that after 100,000 cycles in DW. In Tetric N—Ceram
Bulk fill and Z250, the specimens after 10,000 cycles in DW showed
relatively low porosity. The pores after 50,000 cycles and 100,000
cycles in DW appeared similar to those after 10,000 cycles and
50,000 cycles in Coca—Cola, respectively. Both RBCs showed
increased porosity after 100,000 cycles in Coca—Cola, but to a
lesser extent than observed in Beautifil II after 10,000 cycles.
Beautifil IT showed significantly more porosity than the other RBCs
after 100,000 cycles in DW and even after 10,000 cycles in Coca—
Cola. An explanation for this might relate to differences in fillers

and matrix monomers, including their composition, size, and
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processing methods.?!%%33

Beautifil II has a specific filler system that contains S—PRG fillers.
S—PRG fillers are basically fluoroaluminosilicate glasses, which are
pre—reacted with polyacrylic acid and then milled into irregularly
square filler particles of 1 pgm in size, with few interdispersed
round filler particles of 20—50 nm in size, after which it is treated
with silane. Therefore, after TC in DW, the fillers of Beautifil II
showed distinctive filler boundaries and shapes and dehydration
cracks, which were characteristic of glass ionomer cements and
more pronounced after TC in Coca—Cola. The findings in this study
are consistent with the descriptions in previous reports.?***%% The
large number of holes on the surfaces of the Beautifil II specimens
were also described in the previous report,”” in which they were
attributed to dissolution of the S—PRG filler particles in acidic
conditions. In addition, the microstructural pores and voids were
also attributed to differences in the shrinkage rates between fillers
and matrix and loose bonding of glass filler particles to the matrix.
Beautifil II has a higher percentage of TEGDMA as a constituent.
Compared to other matrix monomers, TEGDMA has a lower
molecular weight and 1s more hydrophilic, so it 1S easy to

hydrolyze.?®%¥ Therefore, it seems that hydrolysis of Beautifil II is
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easier than other RBCs, showing extensive porosity. In Beautifil II,
a spherical S—PRG filler was clearly observed, and in Tetric N—
Ceram and 7250, an irregular polygonal filler was observed. Some
of the fillers of Z250 were observed in the form of large lumps,
unlike Tetric N—Ceram Bulk Fill. The silane treatment method may

be different for each manufacturer, and this method is not disclosed.

In the SEM images, more porosity was observed in Coca—Cola than
in DW, and it was considered that FS decreased because there were
more defects on the surface—that is, there was an increased
distribution of cracks. However, Beautifil II showed the most
porosity after 100,000 cycles in Coca—Cola, but the FS value did
not decrease significantly. Only the surface may be damaged and
the inside of specimen may have still been intact; this is a limitation

of the methodology of analyzing surface degradation.

In the FTIR—ATR spectra of the Z250 specimens aged in Coca—
Cola, the broad ester peak (1730—1700 cm™' peak; red peak in the
right box of Figure 6; red peak of the right illustrations in Figure 9)
observed in DW changed, and only a sharp peak (1733 cm™!; green
peak in the right box of Figure 6; green peak of the right
illustrations in Figure 9) remained. A broad peak was formed by

combining the peaks for the a,f —unsaturated ester (1730—1715
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cm !

; orange peak of the right—middle illustration in Figure 9)
bonded to the unreacted C=C group and the ester (1750—1735 cm"~
: green peak of the right—middle illustration in Figure 9) present in
the polymer. When «,f —unsaturated ester was hydrolyzed in an
acidic environment, an —OH group left at the end of the polymer
(blue OH group in Figure 9) but methacrylic acid (MA; orange
portion in Figure 9) was removed from the matrix. Therefore, only
the sharp peak at 1733 cm ! from the ester remaining in the
polymer after TC was observed in the specimens aged in Coca-—
Cola. The —OH peak observed at 3340 cm™! (red peak in the left
box of Figure 6; red peak in the left illustrations in Figure 9) is an
alcohol present in Bis—GMA, which is shared by these RBCs and
giomer. Hydrolysis of the ester under acidic conditions formed a
new —OH group, which was not previously observed. The peak of
this new —OH group (blue peak of the left illustrations in Figure 9)
merged with the existing —OH peak (red peak of the left
illustrations in Figure 9), broadening the OH peak and shifting the
center of the OH peak from 3340 cm™" to 3270 cm™' (green peak in
the left box of Figure 6 and green peak of the left illustrations in
Figure 9). In case of Z250 in Coca—Cola, the peak changed after
10,000 cycles, but in DW, there was no change even after 100,000

cycles. This means that hydrolysis of the resin matrix can be

22 "-:l:" | ""I-.|- 1_-“ ¥ L2



accelerated in an acidic environment. Therefore, it might be
suggested that the resin matrix of commercial RBCs and giomers
can be hydrolyzed easily in acidic conditions such as drinking coffee
and Coke. Also, if the pH of saliva drops below 7 after meal, saliva
may cause hydrolysis of the resin matrix. In addition to the
dissolution and/or exfoliation of filler particles, the degradation of
the resin matrix might have also contributed to the decrease in the
FS of the RBCs and giomer, as confirmed by the larger pores and
shrunken resin matrix networks in the specimens after longer TC

durations (e.g.,50,000 or 100,000 cycles) in Coca—Cola.

A peak from a functional group may be composed of multiple peaks
with different binding energies. Changing the composition of a
functional group with different binding energies can shift the shape
of the peak.**! Changes in the peaks of ester and hydroxyl groups
were observed in Coca—Cola. During TC at 55° C, the large amount
of H" contained in Coca—Cola can hydrolyze Bis—GMA into
bishydroxy—propoxy—phenyl—propane  (Bis—HPPP) and MA
(orange portion in Figure 9). Bis—HPPP gained an additional —OH
group (blue portion in Figure 9). As a result of hydrolysis in Coca—
Cola, a carboxylic acid, MA (orange portion in Figure 9) was

washed out and removed from the surface, which narrowed and
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shifted the ester peak from between 1730 cm ! and 1700 cm ™! to
1733 cm™! (from red to green in the right illustrations of Figures 6
and 9). In contrast, the other end of hydrolyzed Bis—GMA (Bis—
HPPP) changes to an —OH group (blue portion in Figure 9) and it
adds another OH peak to the spectrum and makes the peak shift and
broaden; thus, the peak shifts from 3340 cm™!'to 3270 cm™! (from
red to green in the left illustrations of Figures 6 and 9). It can be
inferred that the ester and hydroxyl groups included in the RBCs
and giomer were affected by hydrolysis, which was accelerated by

the acidic conditions in the Coca—Cola aging solution.

An attempt was made to measure the DC from the FTIR—ATR
spectra. Although the two parallel—bound light—guide tips (10 mm
each) did not cover the entire surface of the mold, the whole
specimen (25 mm) was completely polymerized because they had
convex lenses. At least, they covered the whole length between two
supporting pins (20 mm). Even with the convex lenses, the light
intensity of each light—guide tip was confirmed over 650 mW/cm™*
with a radiometer. The even polymerization of the whole specimen
was confirmed by observing that the fractures were happened near

the center of the specimen, at least between the two plunger pins

(10 mm). In addition, the DC obtained using FTIR—ATR showed
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relevant values within a reliable range in each group and condition.
The specimens aged in DW showed DC values of 60%-70%, but
those in Coca—Cola showed DC values of 30%—-40%. Because of the
degradation of the resin matrix by long—term aging in acidic
conditions, as described in the previous paragraph, some of the
aliphatic C=C double bonds might have been lost. When Bis—GMA
is hydrolyzed in acidic conditions, MA is cleaved from the matrix
and washed out, which may remove some of the aliphatic C=C
double bonds. To obtain the DC, the peaks of aromatic double bonds
at 1608 cm ™! and the aliphatic double bonds at 1638 cm™ ! are used.
As the 1733 cm™' peak changed in Coke, the 1638—1608 cm ™' part
also changed. Therefore, it was difficult to measure the DC
consistently after long—term hydrolysis of the resin matrix, so the
DC data was not included in this report. When measuring the DC of
aged specimens, it should be considered that the C=C double bonds
cleaved from matrix polymer may be washed out, in addition to the

change to single bonds by polymerization.

As shown on the XPS spectra, when the number of cycles increased,
the intensity of the Cls (C=C) peak decreased relatively compared
to that of the Cls (C—0) peak in both aging conditions (Figure 7).

The C=C bond exists as a functional group at the end of the matrix
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monomer and at the end of the silane (y—MPS), while the C—0 bond
exists in the middle of the matrix monomer. The C=C peak might be
decreased as a result of the hydrolysis of unreacted monomers and
subsequent washing—out. In contrast, the C—0O bond present in the
middle of the polymer was not affected after TC, compared to the
C=C bond which was washed—out by hydrolysis during TC;
resulting in a relatively high C—0O peak. In the DW conditions, the
intensity of the C—0 peak relative to that of C=C peak gradually
increased with the number of cycles (Figure 7, upper row);
however, in Coca—Cola conditions, that of the C—0O bond increased
rapidly (Figure 7, lower row). An explanation for this is that the
relative intensity of the C=C peak rapidly decreased due to
hydrolysis and subsequent wash—out. The change of the peak after
10,000 cycles in Coca—Cola was more rapid than the change of the
peak after 100,000 cycles in DW. This suggests that a stronger
chemical reaction occurs when TC is performed in Coca—Cola,
which may result in rapid degradation at the filler—resin matrix
interface and even within the resin matrix. In addition, the change in
the ester peak after 10,000 cycles in Coca—Cola, which was
observed in the FTIR—ATR spectra, explains the rapid increase in
the C—0 peak after 10,000 cycles of XPS. The change in the ester

peak of FTIR—ATR means that the MA was washed out. Since MA
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included C=C, when MA was removed from the surface, XPS
showed a relative increase in C—0. The results of XPS for the C=C
and C—0 peaks are consistent with the SEM observations and FTIR
analyses regarding the finding that the FS decreased rapidly after

10,000 cycles in Coca—Cola, whereas it decreased gradually in DW.

Inconsistency was observed in the relative intensity of C—O peak
compared to C=C peak after 100,000 TC in Coca—Cola. Unlike the
intensity of C—0O peak in DW showing a gradual increase up to
100,000 TC (Figure 7, upper row), the intensity of C—0 peak was
rapidly increased after 10,000 TC in Coca—Cola and continued until
after 50,000 TC; but it was decreased after 100,000 TC in Coca—
Cola (Figure 7, lower row); nevertheless, it was still high about at
the level after 100,000 TC in DW. Additional research needs to be
performed to understand why the relative intensity of C—0 peak did
not increase continuously. This may be related to the slight

increase of FS after 100,000 TC.

The bonding between silica and 7y —MPS, which is called
silanization, mediates the bonding between the inorganic filler and
the organic matrix (Figure 10). The Si—C bond is only observed in
silane coupling agent, and a decrease in the Si—C peak directly

indicates the removal of silane coupling agent from the surface. The
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Si—O0O bond is observed in both silica and silane coupling agent; thus,
a decrease in the ratio of Si—C/Si—0 might be caused by washing—
out of silane coupling agent.*? Regarding the ratio of the Si—C and
Si—O0O peaks, the Si—0 peak was higher in DW than in Coca—Cola. In
DW, as the matrix and unpolymerized silane were removed from the
surface, silica was exposed and the Si—0O peak continuously
increased (Figure &, upper row). In contrast, in Coca—Cola, a
possible explanation for the pronounced decrease in the ratio of Si—
C/Si—0 1is that the silane and fillers might have been separated

together with the destruction of the matrix (Figure 8, lower row).

This study measured the changes in the FS and chemical properties
of two RBCs and a giomer after long—term aging and investigated
the interaction between RBCs/giomer and acidic beverages using
Coca—Cola as an example. Long—term TC in Coca—Cola can cause
hydrolysis on the surface of two RBCs and a giomer, demonstrating

the potential for hydrolysis of the matrix and exfoliation of fillers.

Conclusion
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In DW, the matrix of RBCs is less likely to be affected by
hydrolysis, but unreacted monomers and silane are washed out by
hydrolysis, resulting in gradual changes in porosity and FS. In
contrast, chemical changes occurred rapidly in an acidic
environment and destroyed the matrix. As a result. The hydrolysis
of the matrix in Coca—Cola caused rapid surface degradation,

reduction of FS, and large pores.
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Tablel. Composition of dental composite resins used in this study

Product name Organic matrix Filler
Type Filler
(Abbreviation) (Photoinitiator) content (wt%)
Beautifil 11 Bis-GMA S-PRG filler,
83.3 wt%
(Shofu, Osaka, Giomer TEGDMA multifunctional
(68.6 vol%)
Japan)(B) (CQ) glass filler
Bis-GMA barium glass,
Tetric N-Ceram
Bulk-fill Bis-EMA ytterbium 75-77%
Bulk Fill (Ivoclar
restorative UDMA trifluoride, (53-55
Vivadent,Schaan,
composite (CQ, TPO, mixed oxide, vol%)
Liechtenstein)(T)
Ivocerin) prepolymer
Filtek Z250 (3M Bis-EMA, UDMA
Microhybird 78%
ESPE, St. Paul, Bis-GMA zirconia/silica
composite (60 vol%)
MN, USA)(2) TEGDMA (CQ)

Abbreviations: Bis-GMA, bisphenol A diglycidyl ether dimethacrylate; Bis-EMA, bis-
phenol A polyethylene glycol diether dimethacrylate; CQ, camphorquinone; TEGDMA,
triethyleneglycol-dimethacrylate; TPO, 2,4,6-trimethylbenzoyl diphenylphosphine oxide;

S-PRG, surface pre-reacted glass ionomer; UDMA, urethane dimethacrylate.
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Table 2. Changes of the flexural strength of two resin—based

composite resins and a giomer according to increasing thermo—

cyclings and different aging solutions

Flexural strength (n =20, MPa)

Thermocycli Aging solution Results of 3-way
Material
ng DW Coca-Cola ANOVA
‘ ‘ Abe Ab - Main effects:
0 (immediate)* 68.57 £11.73 68.57 +11.73
solution, p<0.05
Abc Bdef
10,000 69.91+11.17 45.50+9.78 material, p<0.05
Beautifil 11
Aef Acde
TC, p<0.05
50,000 48.04 +7.29 48.88 + 6.87 b
Aot Aed Interaction effects:
100,000 51.29 + 8.84 5524 +6.05 .
solution X
Abc Ab A
0 (immediate)* 69.62+7.92 69.62 +7.92 material, p=0.518
Tetric Acde Bef material x TC,
10,000 58.63 +11.53 4534 +5.00
N-Ceram P=0.05
Af Af
Bulk fill 50,000 4005+ 6.19 38.06 £4.13 TC x solution,
Aef At p<0.05
100,000 46.82 £ 7.21 4434 +5.17
solution X
Aa Aa
0 (immediate)* 127.06 + 15.01 127.06 = 15.01 material x TC, p<0.05
Ab Bb
10,000 80.26 + 18.67 66.42 +7.39
7250
Acd Ac
50,000 62.90 + 14.09 55.74 + 14.01
Ab Ab
100,000 75.58 £12.62 68.67+11.32
40
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Two parallel-bound
light-guide tips

Convex lens
of light-guide tips

0.5 mm glass

Mold

RBC specimen

Figure 1. Schematic illustration of light—curing of samples in a
polyethylene mold (2 mm wide X 2 mm high X 25 mm

long).
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Aging inDW =

Beautifil Il

Aging in Coka-Cola #

Figure 2. Changes in the scanning electron microscopic images of
Beautifil II with prolonged thermocycling. After 100,000
cycles in Coca—Cola, noticeable pores are observed. a,
10,000 cycles in DW; b, 50,000 cycles in DW; ¢, 100,000
cycles in DW; A, 10,000 cycles in Coca—Cola; B, 50,000
cycles in Coca—Cola; C, 100,000 cycles in Coca—Cola. DW,

distilled water.
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Aging in DW =

"~ Tetric N-Ceram Bulk fill

Aging in Coka-Cola B

Figure 3. Changes in the scanning electron microscopic images of
Tetric N—Ceram Bulk fill with prolonged thermocycling.
After 100,000 cycles in Coca—Cola, noticeable pores are
observed. a, 10,000 cycles in DW; b, 50,000 cycles in DW;
¢, 100,000 cycles in DW; A, 10,000 cycles in Coca—Cola; B,
50,000 cycles in Coca—Cola; C, 100,000 cycles in Coca—

Cola. DW, distilled water.
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Aging in DW =

Filtek Z250

Aging in Coka-Cola
Figure 4. Changes in the scanning electron microscopic images of
7250 with prolonged thermocycling. a, 10,000 cycles in DW;

b, 50,000 cycles in DW; ¢, 100,000 cycles in DW; A, 10,000

cycles in Coca—Cola; B, 50,000 cycles in Coca—Cola; C,

100,000 cycles in Coca—Cola. DW, distilled water.
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Figure 5. FTIR—ATR peaks of Z250 samples in DW. The ester peak
in Bis—GMA also has a carboxylic peak in addition to the
ester peak; as a result, the peak (1718 cm™") appears broad
from 1730 cm™'and 1700 cm™'. The OH peak in Bis—GMA

can be observed around 3340 cm™!.
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Figure 6. FTIR—ATR peaks of Z250 samples in Coca—Cola. The —
OH peak observed at 3340 cm™! in DW (red in the left box)
was lowered and shifted to 3270 cm™! (green). The 1718
cm™! peak, which appeared relatively wide in DW (red in

the right box), was shifted to 1733 cm™' and became

sharper (green).
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Cured 10,000 TC in DW 50,000 TC in DW 100,000 TC in DW
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Figure 7. Deconvoluted Cls peaks showing their component peaks
in Z250 resin—based composite. When the number of cycles
increased, the intensity of the Cls (C=C) peak decreased
relatively compared to that of the Cls (C—0) peak in both
conditions. In the DW conditions, the intensity of the C—-0
peak relative to that of C=C peak gradually increased with
the number of cycles; however, in Coca—Cola conditions,
that of the C—0O bond relative to that of C=C peak increased

rapidly.
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Figure 8. Deconvoluted SiZ2p peaks showing their component peaks

in Z250 resin—based composite.
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Before TC
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Red : peak at 3340 cm™’

Green : peak at 3270 cm’!

FTIR results

-OH before TC == New -OH after TC

\ 4

-OH after TC

-OH before TC New -OH after TC

Hydroxyl peak

Bis-GMA

Before TC
After TC

Red : peak at 1718 cm™!
Green : peak at 1733 cm™’

Ester before TC

/N

Removed after TC

Ester before TC

A\

Remained after TC
Ester peak

CHy OH OH
R\)ﬁ(o\)\/o O\)\/O

HsC~ “CHy

H,0 l H*

g o

H;C  CHj

Methacrylic acid

Figure 9. Schematic illustration of the shape and shift of the

hydroxyl and ester peaks,

wherein multiple bonding

energies may be merged to form a peak (Upper illustration).
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Middle illustration: Methacrylic acid (MA, orange) is
washed out and removed from the surface, which narrows
and shifts the ester peak (from red to green in the upper—
right illustration). In contrast, the other end of the
hydrolyzed Bis—GMA (Bis—HPPP) changes to an —OH
group (blue) and adds another —OH peak to the spectrum,
making the peak shift and broaden (from red to green in
upper—left illustration). Lower illustration: Mechanism of
hydrolysis of Bis—GMA. During thermocycling at 55° C, the
large amount of H+ contained in the Coca—Cola can
hydrolyze Bis—GMA into bishydroxy—propoxy—phenyl—

propane (Bis—HPPP) and MA.

50 A 21



| —o]
—o0 OH o\
“si o | | —
Y \C/\/ + Si\g/SH\o —_— Si\E/SH\
o
| o "
3-methacryloxypropyltrimethoxoysilane(y-MPS) SiO, Silanization of Si0,

Figure 10. Silanization process of SiOg with y —MPS. In XPS, the
bonds shown in red are observed as Si—C peaks and those

shown in blue are observed as Si—0 peaks.
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