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A B S T R A C T

Dental compounds and restorative materials undergo surface degradation and erosion from exposure to a variety
of dietary substances. In this study we investigated changes in the surface properties of Rebaron, a hard denture
reline material (HDRM), following timed immersion in carbonated soft drinks to determine its durability in a
common acidic environment. Samples were prepared and immersed in a carbonated soft drink (or its components)
for 6, 12, or 24 h. Surface structure and mechanical properties were characterized using Atomic Force Microscopy
(AFM). Raman spectroscopy was used to identify changes in the HDRM surface chemistry following exposure to
the test solutions. AFM revealed that prolonged exposure led to pit formation and a subsequent increase in surface
roughness, from 302.02 � 30.20 to 430.59 � 15.07 nm Ra, following a 24 h exposure. Young's modulus values
decreased from 9.3 � 7.0 to 0.53 � 0.26 GPa under the same conditions, demonstrating a softening and
embrittlement of the HDRM sample. Raman results revealed that immersion in the carbonated soft drink or acidic
solution changed the nature of the HDRM structure, converting the HDRM surface chemistry from primarily
hydrophobic to hydrophilic. Our study indicates that sustainability and durability of Rebaron HDRM are signif-
icantly reduced by prolonged exposure to carbonated (acidic) soft drink, resulting in deformation and degradation
of the material surface.
1. Introduction

Restorative dental materials are an indispensable tool in dentistry,
where they not only improve tooth aesthetics, but also help to withstand
erosion in the oral cavity [1, 2]. Various materials have been used for
such purposes, including metals, ceramic, plastics, and composite resins
[3, 4, 5]. Early dental compounds consisted of silver amalgam, which had
high durability and longevity, but also included mercury, making it a
potential environmental and health hazard [6, 7]. Advances in materials
and polymer technology have led to the discovery of a variety of
resin-based acrylic polymers [8, 9]. For example, Poly (methyl methac-
rylate) (PMMA) exhibits superb mechanical properties, reduced polymer
shrinking, and enhanced optical properties. It is also inexpensive and
easily replaceable [10, 11]. Originally, MMA was polymerized to PMMA
Hsieh).
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using heat. However, more recent versions can be auto-polymerized with
a wide range of copolymers and stabilizing agents [12, 13]. Continued
efforts are underway to develop innovative materials with improved
wear resistance, fracture toughness, and biocompatibility [14, 15].

Despite improvements, dental filling materials and denture restor-
ative materials remain susceptible to water sorption [16], insufficient
polymerization, humidity, an individual's eating habits (e.g., vigorous
chewing), and critical oral environment changes (e.g., long-term
carbonated beverage consumption), which can result in abrasion and
chemical degradation [17]. Among them, one of the most consequential
for increased risk of dental caries and dental compound degradation is
the long-term intake of carbonated soft drinks [18, 19]. These carbonated
beverages usually contain added acidity regulators (phosphoric acid,
malic acid, and citric acid, etc.), sweetener, and sugar [20]. Previously
25 February 2021
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:shsieh@faculty.nsysu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e06400&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e06400
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2021.e06400


C.-C. Tseng et al. Heliyon 7 (2021) e06400
published studies have reported that the beverages' acidity causes
gradual erosion and material degradation of dental composite surfaces,
thereby reducing the lifespan [16, 21, 22]. A proposed mechanism for
acidity-based degradation in dental composites is the hydrolysis of ester
radicals present in resin monomers (eq1), i.e., PMMA, Bis-GMA,
Bis-EMA, and UDMA [23, 24, 25, 26, 27].

(eq1).

A better understanding of the surface chemistry, structural, and me-
chanical properties of restorative dental compounds is essential for
improved oral health and dental compound material optimization [28].

Although the occurrence of surface degradation is deterministic, it is
not straight forward to measure and monitor material surfaces and in-
terfaces. Characterization of mechanical properties using conventional
methods would yield bulk property estimates but would not reveal in-
sights into micro and nanoscale structural and mechanical properties or
changes. Using AFM to measure surface structural and nanomechanical
properties facilitates non-destructive comparison and evaluation under a
range of experimental conditions [29, 30, 31, 32, 33]. Fourier-transform
infrared spectrometry and Raman spectrometry provide tools to charac-
terize the chemical effects of commercial carbonated beverages on the
dental material's surface. In particular, Raman spectrometry is capable of
monitoring changes in chemistry at room temperature, in the water
phase/gas phase [34], and under non-destructive conditions [35]. It can
reveal details regarding bond formation and dissociation when a chem-
ical reaction takes place [36]. These spectra can be used as a fingerprint
to characterize the composition and examine temporal changes to a
material under controlled conditions [35, 37].

Hard denture reline materials are commonly used in full or partial
denture remediation to repair and replace the critical conformal interface
between the restorative and the patient's gum. This study investigates the
degradation effects of carbonated soft drinks and their acidic ingredients
on a commercially available HDRM (Rebaron). Structural and mechani-
cal changes were characterized using AFM following sample immersion
in a carbonated soft drink solution. Physico-chemical changes in the
materials were monitored using Raman spectroscopy where immersion
of the material in an acidic solution changed the molecules' nature,
resulting in the weakening of bonds [27]. The degree of erosion on the
dental restoration material surface and its temporal dependence on
carbonated soft drink exposure time were analyzed in detail.

2. Materials and methods

2.1. Preparation of dental compound material

A resin-based dental compound Rebaron (GC CORPORATION, Tokyo,
Japan) was prepared using commercial standard formulations by mixing
a powder agent A (1.5 g) consisting of polymer beads, indicator, and
pigments (in which the major component is PMMA), and liquid agent B
(1.0 ml) consisting of a monomer (MMA) in a 1:3 ratio for 30 s at ambient
temperature to form a 60% dental compound. The final sample forms
were prepared by placing the material in a hand spindle tablet press and
applying a fixed pressure to form 2� 1mm ingots with a uniform surface.

2.2. Characterization

An MFP-3D™ AFM (Asylum Research, Santa Barbara, CA, USA) was
used to characterize the dental compound surface topography, surface
roughness, and to acquire force measurements to determine the Young's
modulus. AFM imaging experiments were performed in AC (tapping)
mode under ambient conditions. A silicon cantilever (Olympus,
AC240TS) with a nominal spring constant of 2 N/m was used for all
images with a scan rate of 0.75 Hz and an image resolution of 512 � 512
pixels. Force-displacement curves were acquired using a silicon
2

cantilever (Olympus AC240TS) with a measured spring constant of 2.8
N/m. The spring constant was determined using the thermal noise cali-
bration method [38]. Multiple curves were acquired (997–1024) for each
sample and analyzed using the data analysis tools built into the AFM
software (Igor pro 6.37). A detailed description of the force curve anal-
ysis and Young's modulus calculation is described in our previous work
[39, 40]. All Raman experiments were performed on a Raman micro-
scope (WiTec alpha 300R) with a 532 nm incident laser at 15 mW power.
A holographic grating (1800 grooves mm�1) and a 1024 � 127 pixel
back-illuminated CCD detector with a total accumulation time of 30 s
were used. Water contact angles were acquired using a Gardco PGXþ
(Testing Machines, Inc., USA) goniometer. A pH meter (Cyberscan 510
Thermo Scientific Eutech Ltd., USA) was used to measure the soft drink
acidity.
2.3. Immersion test

Hard denture reline material (HDRM) samples prepared as described
above were immersed in commercially available carbonated soft drink
with a pH of 2.65. Changes in the surface morphology were monitored at
different time intervals using AFM and Raman spectroscopy, and the
results were compared with a freshly prepared HDRM sample. Similar
conditions were repeated while immersing in sucrose, citric acid, and
phosphoric acid solutions for comparison.
2.4. Statistical analysis

At least three replicates were performed for each of the immersion
tests described above with duplicate tests performed. SPSS version 12.0
(Endicott, NY, USA) was used for data analysis. Surface roughness and
Young's modulus data means were subject to a one-way ANOVA test and
where significant differences among means were found, these were
separated by Tukey's multiple range test at a significance level of p <

0.05. OriginPro, version 8.1 (OriginLab, Northampton, MA) was used for
preparing figures.

3. Result

3.1. Surface morphology and roughness

Surface topography and roughness measurements on a prepared
HDRM sample were performed using AFM. The sample roughness (Ra)
before treatment was 302.02 � 30.2 nm, as shown in Figure 1a. In that
image, large particles were present following the curing process and
before treatment. Samples were then immersed in a carbonated beverage
for various time intervals (6, 12, and after 24 h), and the surface
topography and roughness were measured, as shown in Figure 1(b-d).
Morphology changes were observed following a 6 h immersion in the
carbonated beverage with surface roughness decreasing to (Ra) 294.52�
14.84 nm. As the immersion time increased to 12 h, slight erosion of
HDRM was observed across the surface, increasing roughness to Ra
321.54 � 37.38 nm. Following a 24 h exposure, degradation occurred
with pits forming on the surface and a significant increase in roughness to
Ra 430.59 � 15.07 nm (Figure 1d).

Changes in the mechanical properties of the HDRM were monitored
by characterizing the Young's modulus (YM) of the sample. A pre-
treatment YM value of the as-prepared HDRM was 9.3 � 7.01 GPa, as
shown in Figure 2a. Immersing the HDRM in carbonated soft drinks led to
a decrease in YM value as a function of immersion time. We observed
values of 2.3 � 1.61, 1.60 � 1.42, and 0.53 � 0.26 GPa, for immersion
times of 6, 12, and 24 h, respectively, as shown in Figure 2(b-d).
Roughness and corresponding Young's modulus values of HDRM after
immersion in carbonated soft drink for 0, 6, 12 and 24 h are mentioned in
Table 1.



Figure 1. AFM topographic images of HDRM before and after immersion in a carbonated soft drink (a) 0 h, (b) 6 h, (c) 12 h, and (d) 24 h. Average roughness (Ra)
values were calculated from each entire image (n ¼ 3).

Figure 2. Young's modulus of HDRM samples after immersion in a carbonated soft drink for (a) 0 h, (b) 6 h, (c) 12 h, and (d) 24 h.

Table 1. Roughness and modulus data of HDRM after immersion in carbonated soft drink for 0, 6, 12, and 24 h.

Time (h) Roughness Ra (nm) Young's modulus (GPa)

0 302.02 � 30.20aa 9.29 � 7.01a

6 294.52 � 14.84ab 2.32 � 1.61a

12 321.54 � 37.38abab 1.60 � 1.42a

24 430.59 � 15.07abab 0.53 � 0.26a

All data are mean � standard error of mean (n ¼ 3); same letters indicate data that do not differ at significance level p < 0.05.
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3.2. Raman analysis of HDRM

Raman spectroscopy was used to study the chemical and molecular
changes to HDRM samples exposed to carbonated soft drink and its
constituents. Peaks associated with HDRM precursors were characterized
and assigned for each of the components in HDRM, as shown in Figure 3.
Raman peaks and peak shifts were used to characterize changes in HDRM
due to immersion in the carbonated soft drink. The Raman signal was
3

monitored to identify when degradation initiated and to follow its
course. The HDRM sample was immersed, and Raman signals were
recorded at regular time intervals (0, 0.5, 1.5, 2, 2.5, 3, 3.5, and 4h), as
shown in Figure 4. Changes were observed in the peak near 1012 cm�1

for ν(C–C) and 1459 cm�1 (ν(C–H) of O–CH3) with a new shoulder peak
appearing at 1431 cm�1. No further changes to the peaks were observed
at longer immersion times (6, 12, and 24h) as shown in Figure 5. To
analyze the degradation mechanism of HDRM in more detail, the main



Figure 3. Raman spectra for individual components: liquid, powder, HDRM.

Figure 4. Raman spectra of HDRM after immersion in a carbonated soft drink
for 0, 0.5, 1.5, 2, 2.5, 3, 3.5, and 4 h.

Figure 5. Raman spectra of HDRM after immersion in carbonated soft drink
solution for 6, 12, and 24 h.
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ingredients of carbonated soft drinks such as (sugar, phosphoric acid,
citric acid) were also examined with Raman spectroscopy by immersing
an HDRM sample in a solution of each component over a period of 4 h.
Raman signals were recorded, as shown in Figure 6. No changes were
observed when samples were immersed in sugar solution. But similar
changes appeared for the peak around 1012 cm�1 and 1459 cm�1 with a
shoulder peak observed at 1431 cm�1 when immersed in citric acid and
in phosphoric acid.

3.3. Contact angle measurement

The PMMA in HDRM is a hydrophobic material as it needs to with-
stand harsh conditions in the oral cavity. The hydrophobicity of the
4

material helps to retain the form of the restoration material by mini-
mizing crack and cavity formation. Experiments were performed by
monitoring the surface's contact angle every hour after immersion in soft
drinks. Over a total of 6 h, the contact angle changed from 87.1 (0.37) � to
55.95 (2.14) �, as shown in Figure 7.

4. Discussion

In this study, we investigated changes in the surface properties of
HDRM during due to immersion in carbonated beverages. Using AFM, we
were able to image and visualize the topography of the samples. Differ-
ences in the roughness of HDRM was measured on freshly prepared
samples and on treated samples. When immersed in the carbonated soft
drink for over 6 h, the surface became more uniform as the roughness
value decreased from 302.02 � 30.2 nm to 294.52� 14.84 nm. This was



Figure 6. Raman spectra of HDRM treated with different solutions for 24 h.

Figure 7. Water contact angle measurements of HDRM immersed in a
carbonated soft drink at 1-hour intervals for a total of 6 h.

Figure 8. The reaction mechanism of HDRM
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primarily due to the removal of large bumps from the surface. With
longer immersion times, surface degradation was more prominent.
Following a 12 h immersion time, the roughness increased to 321.54 �
37.38 nm, and after 24 h, the roughness increased significantly to 430.59
� 15.07 nm. Over the 24 h period, cavities formed and were observed
across the HDRM surface due to degradation [41, 42].

Young's modulus results showed that immersing the HDRM in a
carbonated soft drink for 6 h resulted in significant changes to the surface
microstructure. the YM value decreased from 9.3 � 7.0 to 2.3 � 1.6 GPa.
Upon longer exposures, the YM value further decreased to 1.60 � 1.42,
and 0.53 � 0.26 GPa, over 12 and 24 h, respectively, as structural
deterioration occurred, making the material weak and brittle [43].

Raman spectroscopy was used to analyze and monitor the chemical
nature of the HDRM samples during timed immersion experiments. The
primary component in HDRM is PMMA in the form of a cross-linked
polymer obtained by mixing powder (A), consisting of PMMA, and
liquid (B), consisting of MMA. The primary characteristic peaks at 609
cm�1 corresponded to ν(C–COO)/νs (C–C–O), with peaks at 821 and 968
cm�1 belonging to ν(C–O–C) and the O–CH3 rocking mode, respectively.
The peaks at 1012 and 1613 cm�1 are assigned to ν(C–C) from the CH2
groups in the polymer chains. The peaks at 1466 and 1495 cm�1 are
assigned to δa (C–H) of α-CH3 and (C–H) of O–CH3, respectively. The
peak at 1731 cm�1 belongs to the ν(C¼O) mode. Our peak positions and
values agree with previous literature reports [44, 45].

According to literature reports, the strength of molecular bonding is
related to polymerization [46]. During the HDRM immersion experi-
ments, no significant changes were observed for up to 3 h. Small changes
started to appear at 3.5 h, where the peak near 1012 cm�1 for ν(C–C)
sharpened as the polymeric bond weakened. A more significant change
was observed after 4 h as the peak intensity around 1012 cm�1 was
enhanced. A new shoulder peak appeared at 1431 cm�1 and the Raman
intensity of the peak at 1459 cm�1 (ν(C–H) of O–CH3) was simulta-
neously weakened, which can be caused by CH3 deformation modes of
the polymer main chain structures when a HRDM surface is eroded.
These results indicate that the appearance of the peak at 1431 cm�1

signaled the beginning of polymer degradation in HDRM. With longer
immersion times of 6, 12, and 24 h, the 1431 cm�1 peak intensity
increased further while the peak intensity around 1012 cm�1 and 1431
cm�1 remained constant. No further significant peak shifts were observed
for ester to acid conversion.

The signal intensity of Raman spectroscopy at 1012 cm�1 increased
for HDRM samples when immersed in citric acid and phosphoric acid.
Similarly, a new shoulder peak appeared at 1431 cm�1, and the peak
intensity at 1459 cm�1 decreased. The results obtained from citric acid
and phosphoric acid in Figure 6 were consistent with the commercial
material with phosphoric and citric acid.
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beverage results. No significant changes were observed in the sample
immersed in sugar solution. Hence, we conclude that the acidic compo-
nents in carbonated soft drinks are primarily responsible for the degra-
dation of HDRM.

We propose that Hþ in the citric and phosphoric acid acts as a driving
force making the carbonyl carbon more electrophilic. This is followed by
a nucleophilic attack on the electrophilic carboxylic group in PMMA,
facilitating the ester-to-acid reaction to eliminate a small amount of
methanol (as shown in Figure 8) [47]. This process induces persistent
structural changes and causes HDRM to become soft with long-term
exposure to acidic solutions. Because a soft drink's acidic environment
chemically alters the surface, we used contact angle measurements to
further characterize these chemical changes in HDRM.

The contact angle measurement of HDRM changed from 87.1 (0.37) �

to 55.95 (2.14) � as time progressed, indicating that the nature of the
material converted from hydrophobic to hydrophilic. This may be due to
the ester group's conversion in PMMA to carboxylic acid in the presence
of the acidic components in soft drinks, making the material more hy-
drophilic [48].

5. Conclusion

The degradation of HDRM dental compound immersed in carbonated
soft drink and it's components was analyzed. With increased immersion
time, changes in the surface hardness led to erosion and cavity (pit)
formation in the HDRM. The roughness value increase from 302.02 �
30.2 nm to 430.59� 15.07 nm over a 24 h immersion period. AFM-based
Young's modulus values went from 9.3 � 7.0 to 0.53 � 0.26 GPa, indi-
cating a significant decrease in surface elasticity. A peak shift was
observed at 1459 cm�1 by Raman spectroscopy and a new shoulder peak
at 1431 cm�1 suggesting that O–CH3 deformation had occurred. The
proposed mechanism shows that in the presence of an acid, ester hy-
drolysis takes place in PMMA. This concept was further verified by
monitoring changes in the contact angle, which confirmed a gradual shift
from hydrophobic character to hydrophilic. Thus, prolonged exposure or
frequent consumption of carbonated soft drinks results in structural
deformation and surface degradation of HDRM, ultimately leading to
restoration failure.
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