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ABSTRACT

Objective: To evaluate the changes in lesion depth and mineral density of resin infiltration-treated white spot
lesions against a simulated oral environment using thermal and acidic challenges in vitro.

Materials and methods: Two enamel slabs were prepared from each buccal surface of permanent human pre-
molars, for a total of 56 slabs. Artificial white spot lesions were induced. One specimen was treated with resin
infiltration, while the other was used as an untreated control. A micro-CT was used to assess the lesion depth and
mineral density of each specimen. Subsequently, all specimens were subjected to 10,000 cycles of thermocycling
and pH cycling for 10 days before being re-evaluated using the micro-CT. Lesion depth and mineral density were
examined and compared between before and after aging procedures within each group by the paired sample t-
test. The independent samples t-test was utilized to compare lesion depth progression and percentage change of
mineral density between groups.

Results: After aging, there was both a significant lesion depth progression and a mineral loss in the control and
resin infiltration groups. Mean lesion depth progression was 132.88 + 4.18 um for the control group and 52.31
+ 4.16 pm for resin infiltration group. Percentage mineral density loss as a percentage for the control and resin
infiltration groups were 16.1 + 0.64 % and 8.83 + 0.30 %, respectively. The resin infiltration group demon-
strated a significantly lower mean lesion depth progression and percentage changes in mineral loss compared to
the control group.

Conclusions: The lesion depth and mineral density changes in the resin infiltrated-treated group were lower than
untreated white spot lesions after aging procedures using thermal and acidic challenges.

Clinical significance: Resin infiltration is a promising approach to inhibit the progression of white spot lesions
related to the initial stage of dental caries.

1. Introduction

carious lesions, their efficacies are contingent upon strong patient
cooperation and time-consuming. Moreover, remineralization mostly

Dental caries is a multifactorial disease caused by an imbalance in
the demineralization and remineralization processes with net mineral
loss (Frencken et al., 2012; Sturdevant et al., 2019). Enamel decalcifi-
cation is an early sign of dental caries that appear as non-cavitated
chalky white areas. If demineralization continues over time, degrada-
tion of tooth surface integrity will subsequently occur, which can be
irreversible (Denis et al., 2013). Early detection, progression halting,
and remineralization promotion are key components in safeguarding
lesions from progressing to an advanced stage (Frencken et al., 2012).

A conventional treatment for white spot lesions involves non-
invasive approaches using remineralizing agents and behavior modifi-
cations. While these methods have proven successful in arresting most
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occurs at superficial level, often leaving behind residual microporosities
at the subsurface level, resulting in the whitish appearance (Wang et al.,
2012). In response to this aesthetic challenge, resin infiltration was
introduced (Knosel et al., 2019). This technique involves creating a
diffusion barrier using low-viscosity light-cure resins with a refractive
index close to sound enamel. Not only occlusion of microporosities
through the lesion body is achieved, the improvement of aesthetic
appearance is also obtained (Dorri et al., 2015; Klaisiri et al., 2020). The
resin used in this technique mainly consists of triethylene glycol dime-
thacrylate (TEGDMA), which has high penetration coefficient. However,
it contains a high water absorption, making it more susceptible to
deterioration in the oral environment (Polak-Kowalska and Pels, 2019).

Received 21 November 2023; Received in revised form 1 March 2024; Accepted 4 March 2024

Available online 6 March 2024

1013-9052/© 2024 THE AUTHORS. Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:sirivimol.s@chula.ac.th
www.sciencedirect.com/science/journal/10139052
https://www.ksu.edu.sa
https://www.sciencedirect.com
https://doi.org/10.1016/j.sdentj.2024.03.003
https://doi.org/10.1016/j.sdentj.2024.03.003
https://doi.org/10.1016/j.sdentj.2024.03.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sdentj.2024.03.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

V. Predapramote et al.

Furthermore, challenges in the intraoral environment, such as pH fluc-
tuations, temperature changes, and moisture, probably affect the
restorative material’s properties and the resin-hydroxyapatite bonds,
leading to the restoration degradation (Amaral et al., 2007). Yet, further
investigations are required to thoroughly assess the effectiveness of this
approach.

Thus, this study aimed to evaluate the lesion depth and mineral
density changes of resin infiltration-treated white spot lesions in a si-
mulated oral environment using thermocycling and pH cycling
procedures.
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2. Materials and methods
2.1. Specimen preparation

Twenty-eight human premolars, extracted for orthodontic treatment
reasons, were used in the study upon informed consent from subjects.
Teeth were kept at room temperature in a 0.1 % thymol solution within
2 months after extraction (Aydin et al., 2015). All teeth were cleaned
and examined under a stereomicroscope at 20X magnification (SZ 61,
Olympus, Japan). Those without restoration, caries, cracks, white spot
lesions, and other enamel defects were included. Fig. 1 depicts the
flowchart with the experimental design and procedures.

Specimens were prepared by polishing buccal surfaces with a 600-
grit silicon carbide paper using an automatic polishing device
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Fig. 1. depicts flow chart of the experimental procedures.
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(MINITECH 233, PRESI, France) at 100 rpm for 45 s. From each buccal
surface, two enamel slabs (2 x 2 x 3 mm®) were prepared, totaling 56
slabs. Each slab was fixed in a silicone mold (15-mm in diameter by 15-
mm in thickness), filled with epoxy resin, and allowed to cure for 24 h.
Throughout the non-treatment periods, the specimens were stored in
100 % humidity at 37 °C.

2.2. Artificial caries induction

Artificial white spot lesions were induced by immersion of specimens
into a demineralizing solution for 4 days at 37 °C in an incubator shaker.
Composition of the demineralizing solution was 2.2 mM CaCly, 2.2 mM
KHPOy4, and 0.05 M acetic acid, pH adjusted with 1 M KOH to be 4.4
(Manosubsak et al., 2019; Rana et al., 2007). After demineralization, the
specimens were rinsed with deionized water for 30 s. Two slabs from
each of 28 premolars were randomly assigned to the test group for resin
infiltration treatment, while the control group received no treatment.

2.3. Resin infiltration procedure

The resin infiltration material’s composition (Icon, DMG, Germany)
is detailed in Table 1. Following the manufacturer’s instruction, a 15 %
hydrochloric acid (Icon-Etch, DMG, Germany) was applied onto the
artificial caries surface for 2 min using a microbrush, water-rinsed for
30 s and air-dried for 10 s. Subsequently, a 99 % ethanol (Icon-Dry,
DMG, Germany) was applied for 30 s and air-dried. A resin infiltrant
(Icon-Infiltrant, DMG, Germany) was then applied for 3 min, excess
removed, and light-cured (Demi™ LED light-curing system, Kerr, USA)
for 40 s with an irradiance of 1,000 mW/cm? at 1 mm distance. An
infiltrant was re-applied for another minute, excess removed, and light-
cured. Surface polishing employed fine and superfine aluminum oxide
discs (Sof-Lex, 3 M ESPE, USA) using a slow-speed handpiece with
intermittent brushing movement and light pressure, involving 10 strokes
per disc and water-rinsing between sequences (Almulhim et al., 2021;
Venturini et al., 2006).

2.4. Aging procedures

To simulate the normal oral environment in terms of temperature
and acid fluctuation, specimens were subjected to a consistent sequence
of laboratory procedures. Initially, the specimens were thermocycled for
10,000 cycles (Thermo Cycling Unit, KMITL, Thailand) between 5 °C
and 55 °C with a 30-second dwell period. Subsequently, a 10-day pH
cycling was performed in a 37 °C incubator. Each cycle involved 3-hour
demineralization, 2-hour remineralization, 3-hour demineralization,
and 15-hour remineralization (Ozgul et al., 2015). The composition of
demineralizing solution was 2.2 mM CaCly, 2.2 mM KH,POy, and 0.05 M
acetic acid, pH adjusted with 1 M KOH to be 4.4. The remineralization
solution composed of 1.5 mM CaCly, 0.9 mM NaH,PO4, 0.15 M KCl, pH
adjusted to 7 using 1 M KOH (Ozgul et al., 2015). The solutions were
replaced for fresh ones for each cycle. The specimens were rinsed with
distilled water for 30 s before changing to another solution.

Table 1
Composition of resin infiltration material according to the manufacturer’s
information.

Product (Trade name) Manufacturer Composition
Resin infiltration material DMG, Icon-etch: 15% hydrochloric acid,
(Icon) Lot number: Germany pyrogenic silicic acid, surface-active

261397 substance
Icon-Dry: 99% ethanol
Icon-Infiltration: TEGDMA-base

resin, initiators, additives

TEGDMA: Triethylene glycol dimethacrylate.
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2.5. Micro-computed tomographic (micro-CT) analysis

To assess the changes in lesion depth and mineral density of resin
infiltration-treated white spot lesions, a micro-CT apparatus (uCT 35,
Scanco Medical, Bassersdorf, Switzerland) was used to measure the
lesion depth and mineral density before and after aging. The lowest part
of each slab served as a reference point. Positioning of the specimens
was carefully maintained to ensure that they were in the same orienta-
tion through the experiment procedures. Scanning parameters were set
at 70 kVp voltage, 114 pA current, and 9 pm pixel size. High-resolution
mode (2048 x 2048 pixels) with a 0.5-mm thick aluminum filter was
used. The micro-CT was calibrated employing a set of hydroxyapatite
phantom standards. The scanning results were reconstructed and
analyzed using the SCANCO (Scanco, Bruttisellen, Switzerland) and
ImageJ softwares (version 1.8.0, NIH, Bethesda, USA). The cross-
sectional images showing the lesion area of each specimen were
randomly selected for 10 images (Zhao et al., 2020). Three regions in
each image were assessed. The depth of the lesion was identified based
on the grayscale value corresponding to 95 % of sound enamel (Liu et al.,
2012). Mineral density (mgHA/cmS) was calculated at the center (150
x 150 pixels) for 30 slides through the lesion depth using volumetric
measurements from the SCANCO software.

The mean values of lesion depth progression and percentage change
of mineral density were calculated. The percentage change of mineral
density was calculated as follows:

% Mineral loss

Mineral densitypeore aging — Mineral density e, yoing
Mineral densityyegoe ging

x 100

3. Statistical analysis

Statistical analysis was run using the IBM SPSS version 26.0 (IBM,
Chicago, USA). The Shapiro-Wilks test was utilized to confirm normal
data distribution for all outcomes. Lesion depth and mineral density
between before and after aging within each group were assessed by the
paired sample t-test. Lesion depth progression and percentage change of
mineral density between groups were assessed by the independent
samples t-test at a significance level of 0.05.

4. Results

Table 2 displays the mean lesion depth before and after aging and the
lesion progression. The resin-infiltrated group exhibited significantly
lower mean lesion depth progression than the control group (p < 0.001).
Mean mineral density and percentage change, are presented on Table 3.
There was a meaningful difference before and after aging in both groups,
and the resin-infiltrated group exhibited significantly lower mineral loss

Table 2
Mean lesion depth and mean lesion depth progression in the control and resin
infiltration groups (mean =+ SD).

Groups Mean lesion depth Within- Mean lesion Between-
(um) + SD group depth group
Before After p Value progression + p Value
aging aging SD
Control 254.88 387.75 <0.001 132.88 + 4.18°% <0.001
group + +
21.07% 20.94°
Resin 188.38 240.69 52.31 + 4.16°
infiltration + +
group 17.42¢ 17.48°

Different capital letters indicate statistically significant differences in the same
row (between before and after aging in the same group) (p < 0.05).

Different lower-case letters indicate statistically significant differences in the
column (between resin infiltration group and control group) (p < 0.05).
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Table 3
Mean mineral density and mean percentage change in mineral density loss in the
control and resin infiltration groups (mean + SD).

Groups Mean mineral density Within- Mean % Between-
(mgHA/cm®) + SD group mineral group
Value loss + SD Value
Before After 4 4
aging aging
Control 1,889.52 1,585.68 <0.001 16.1 + <0.001
group + 65.48% + 65.28 0.64%
Resin 1,948.71 1,776.78 8.83 +
infiltration 4 48.23¢ + 47.7° 0.30
group

Different capital letters indicate statistically significant differences in the same
row (between before and after aging in the same group) (p < 0.05).

Different lower-case letters indicate statistically significant differences in the
column (between resin infiltration group and control group) (p < 0.05).
mgHA: Milligrams hydroxyapatite.

compared to control group (p < 0.001).

Fig. 2 illustrates the radiolucency and radiopacity of both groups
before and after aging, as analyzed by a micro-CT. Although the radio-
pacity of lesion in resin-infiltrated group after aging (Fig. 2D) showed
lower density than that of before aging (Fig. 2C), both groups demon-
strated higher density than the control group (Fig. 2A and B). However,
the radiopacity observed in all groups at before and after aging remained
lower than that of the underlying sound enamel.

5. Discussion

This study evaluated the lesion depth and mineral density changes of
resin infiltration-treated white spot lesions against a simulated oral
environment using thermal and pH changes. The findings exhibited
significant differences in lesion depth and mineral loss between the
resin-infiltrated group before and after aging. Moreover, following the
thermal and acidic challenges, the resin-infiltrated group presented
lower lesion depth and percentage of mineral changes compared to the
control untreated group. Therefore, both null hypotheses were rejected.

The micro-CT was chosen to evaluate the changes in lesion depth and
mineral density because it has shown to be an effective and non-
destructive approach to produce high-resolution images, allowing
specimens to be examined again after aging (Kuhn et al., 1990). It
provided excellent specificity in identifying enamel lesion in comparison
to the gold standard methods of histology and transverse microradiog-
raphy (Hamba et al., 2012; Oliveira et al., 2020). However, there have
been certain drawbacks that limit its utility, including expensive cost,
time-consuming scanning and reconstruction, and challenges associated
with the management of large data volumes (Erpacal et al., 2019).

Polishing surface of resin infiltration was suggested in order to

The Saudi Dental Journal 36 (2024) 745-750

reduce flaws and roughness, simultaneously increasing surface micro-
hardness (Esteves-Oliveira et al., 2022). Roughness of resin infiltration
on artificial enamel caries was reported to be lowest comparing to other
non-invasive treatment (Yazkan and Ermis, 2018). Smoothness of ma-
terial probably attenuates plaque accumulation, improves surface
integrity, and contributes to increase material longevity. Consequently,
the protocol in our study utilized the polishing method that exhibited
the proper results in accordance with an aforementioned study (Esteves-
Oliveira et al., 2022).

Our study found that a single session of resin infiltration significantly
curtailed white spot lesion progression compared to the control group.
An in vitro study conducted by Ozgul et al. (2015) similarly indicated
that the lesion progression of the resin-infiltrated group following pH
cycling was lower than that of the non-treated group, although this
disparity did not reach statistical significance. These results align with
earlier clinical investigations endorsing the effectiveness of resin infil-
tration in impeding the advancement of non-cavitated carious lesions.
Paris et al. (2020) demonstrated a substantial difference, with only 9 %
of infiltrated lesions exhibited caries progression compared to 45 % of
control lesions. Moreover, Arslan and Kaplan (2020) highlighted the
superior efficacy of resin infiltration in preventing the progression of
non-cavitated carious lesions over a 1-year period.

The success in inhibiting further demineralization by resin infiltra-
tion may be influenced by complete resin infiltration through the lesion
which occurred by capillary forces (Klaisiri et al., 2020; Paris et al.,
2013). Resin infiltration aimed to create a diffusion barrier within the
lesion by occluding microporosities through the lesion body with low-
viscosity light-cured resins having a refractive index close to sound
enamel (Dorri et al., 2015). Resin infiltration could envelop enamel
crystallites and form an enamel hybrid layer, making infiltrated lesions
became more acid-resistant and potentially preventing further demin-
eralization (Klaisiri et al., 2020; Paris et al., 2020; Perdigao, 2020).
However, a systematic review found that resin penetration depth was
65.39 % in white spot lesions (Soveral et al., 2021), as seen in our micro-
CT image (Fig. 2C). The polymeric chain formation also did not occur
throughout the entire lesion, as it depended on the enamel character-
istics; therefore, infiltrated lesions may be prone to deterioration as a
result of incomplete resin infiltration (Belli et al., 2011; Soveral et al.,
2021).

Inducing artificial white spot lesions probably created lesions
different from natural ones. This process might yield non-cavitated le-
sions that lack the mineralized surface layer. This artificial lesion might
be sensitive to a 15 % hydrochloric acid, applied on surface lesion to
remove such a mineralized layer (Paris et al., 2013). The aggressive
nature of the acid applied to the artificial lesion might have implications
for resin infiltration, potentially limiting its ability to complete all the
porosities within the lesion and leading to incomplete resin infiltration,

..‘&‘i

Fig. 2. Representative 2D micro-CT images of the control group before (A) and after aging (B), and the resin infiltration group before (C) and after aging (D). Micro-
CT images show demineralized area (star-shaped area) and sound enamel (E). The letter A is an area of air. Picture C shows no star-shaped area because the boundary

of demineralized area could not be specified.
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as depicted in Fig. 2C. The distinctions between artificial and natural
lesions, particularly in terms of the mineralized surface layer and the
aggressive nature of the acid treatment, shed light on potential limita-
tions or challenges in the resin infiltration process when applied to
artificially induced lesions.

A low-viscosity light-cured resin utilized in our treatment, TEGDMA,
is known for its high-water absorption properties (Chen et al., 2019;
Polak-Kowalska and Pels, 2019). Besides, the potential impact of lower
filler quantities contributes to increased polymerization shrinkage
(Polak-Kowalska and Pels, 2019). The mechanical properties of the
vulnerable resin, which underwent the dual aging procedures employed
in our study, may be affected. Thermocycling, based on hydrolysis and
thermal expansion principles (Amaral et al., 2007), could cause crack
propagation and gaps along the bonded interface, allowing fluids to pass
through causing hydrolysis at the interface (Amaral et al., 2007; Deng
et al., 2014). A combination challenge with pH-cycling, imitating min-
eral loss and gain during caries formation (Amaechi, 2019; Lei et al.,
2016), may contribute to enamel demineralization at restoration mar-
gins, resulting in increased gap formation and fluid flow through the
interfaces (Amaral et al., 2007). Such dual procedures in our study
potentially led to the observed meaningful increases in lesion progres-
sion and percentage of mineral changes in the resin-infiltrated group
after aging (Tables 2 and 3).

Given the array of proposed remineralization techniques over time, it
is imperative for future studies to delve into their potential and efficacy,
particularly in clinical settings. Comparisons with classical techniques
such as fluoride application are also warranted. Furthermore, there is a
need for qualitative evaluations utilizing scanning electron microscopy
(SEM) techniques. Introducing color-tagged fluorescence to the resin
infiltrant could aid in identifying degradation sites. Additionally,
incorporating microbial aging procedures would be beneficial for
further investigation since bacterial toxins may further deteriorate the
sensitive resin-based material and increase risks of degradation. These
approaches have the potential to enhance outcomes significantly. Ulti-
mately, clinical studies with long-term follow-ups are necessary to
definitively establish the efficacy of these techniques.

6. Conclusion

This study has shown that changes in lesion depth and mineral
density during simulated aging processes in resin infiltration-treated
lesions are lower than untreated white spot lesions. Resin infiltration
is a promising method of inhibiting the progression of white spot lesions
related to initial dental caries.
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