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Abstract

Objective: This study aimed to evaluate the effect of incorporating different concentrations of 4555 bioactive glass
(BAG) as a filler into a resin infiltrant on the microhardness of demineralized enamel.

Methods: Forty bovine enamel samples were subjected to a pH-cycling protocol to induce artificial caries lesions. The
teeth were randomly assigned to four groups (n = 10), based on the remineralizing treatment applied: G1: the
commercial ICON® resin infiltrant (control); G2 and G3: experimental resin infiltrants containing 5 wt% (G2) and 2 wt%
(G3) 45S5 bioactive glass; and G4: a filler-free resin infiltrant. Vickers microhardness was measured at depths of 50,
100, and 150 um. The data weer analyzed using two-way ANOVA (a=0.05).

Results: Both the type of resin infiltrant and lesion depth significantly influenced enamel microhardness (P<0.001).
ICON® consistently demonstrated the highest microhardness, significantly outperforming the other groups at all
evaluated depths (P < 0.05). Microhardness increased with depth in all groups, with significant differences observed
between 50, 100, and 150 um depths (P < 0.05). Incorporation of Bioglass® 45S5 into the resin infiltrant was effective
in enhancing microhardness, as compared to unfilled resin. The 5% concentration of Bioglass® 45S5 also caused a
significant rise in microhardness compared to the 2 wt% at 50 um depth (P<0.05).

Conclusions: The commercial resin infiltrant (ICON®) consistently achieved the highest microhardness at all depths.
The incorporation of Bioglass® 45S5 enhanced microhardness, with the 5 wt% group (G2) exhibiting superior
performance compared with the 2 wt% group (G3) and the filler-free control (G4).
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Introduction

In the oral cavity, mineral dissolution and reformation
of teeth occur continuously, maintaining a dynamic
balance between demineralization and remineralization
(1). When the pH in the oral environment falls, the saliva
becomes undersaturated with respect to enamel
minerals, leading to the dissolution of calcium and
phosphate ions from hydroxyapatite crystals (2).
Conversely, under neutral or higher pH conditions, the
saliva becomes supersaturated, allowing these ions to
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diffuse into the enamel and promote remineralization
(2).

Prolonged exposure to acidic conditions can disrupt
the natural balance of mineral exchange in enamel,
leading to progressive mineral loss and the development
of areas susceptible to further structural breakdown (3).
These areas often appear as chalky, opaque regions,
commonly referred to as early enamel caries or white
spot lesions (WSLs). WSLs differ from sound enamel by
their increased porosity and reduced mineral content
(4). They are frequently observed in the gingival region
of maxillary anterior teeth, particularly on maxillary
canines and lateral incisors, and are often associated
with inadequate plaque control (5).

Resin infiltration is a microinvasive dental treatment
that employs a low-viscosity, light-curing resin to
penetrate the microporosities of demineralized enamel
through capillary action (6). Early, non-cavitated enamel
lesions with an intact surface layer are considered the
primary candidates for resin infiltration (7). These
lesions develop when mineral loss occurs beneath a
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relatively intact surface layer, resulting in a porous
subsurface zone (8, 9). By occluding subsurface pores
and blocking acid diffusion pathways, resin infiltration
arrests lesion progression and improves the optical
properties of the affected enamel (6). This technique is
particularly indicated when conventional
remineralization therapies are insufficient due to limited
ion diffusion into deeper lesion areas (10, 11). In such
cases, resin infiltration provides dual benefits: arresting
lesion progression and improving aesthetics by masking
enamel opacity (9, 12).

Although conventional resin infiltrants are clinically
effective, they present several limitations, including
incomplete recovery of enamel microhardness,
particularly in deeper lesion zones, limited subsurface
penetration, and lack of intrinsic bioactivity (13-16). To
overcome the intrinsic lack of bioactivity in conventional
infiltrants, the incorporation of bioactive fillers such as
45S5 bioactive glass (BAG) has been proposed. BAG
releases calcium, phosphate, and silica ions, promoting
hydroxyapatite formation and enhancing mechanical
reinforcement (17-19). Studies on BAG-modified
infiltrants have reported improved microhardness,
reduced water sorption, and enhanced mechanical
stability (16, 20, 21).

However, most previous studies have focused on
surface effects of BAG-modified infiltrants, and the
influence of BAG concentration on subsurface
microhardness at different lesion depths remains poorly
understood. Therefore, this study aimed to evaluate the
effect of incorporating different concentrations of 45S5
bioactive glass as a filler into resin infiltrant on the
microhardness of demineralized enamel.

Materials and methods
Ethics consideration

This study was approved by the ethics committee of
Mashhad University of Medical Sciences, Mashhad, Iran
(IR.MUMS.DENTISTRY.REC.1400.145; registration No.
4001117).

Sample size calculation

The sample size was determined using G*Power 3.1
(Heinrich Heine University, Dusseldorf, Germany).
Considering an effect size of 0.55 (8), a = 0.05, and
power of 80%, the sample size was calculated as n = 10
per group.

Sample preparation
Forty extracted bovine incisors free from cracks,

caries, hypocalcification, or any structural defects were
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selected for this study. Each tooth was sectioned into
enamel blocks measuring approximately 4 x 6 x 9 mm,
and embedded in methyl methacrylate resin. The
enamel surfaces were then polished sequentially using
silicon carbide papers under water irrigation to achieve
a uniform baseline condition before the experiment.

Subsequently, the specimens were subjected to a pH-
cycling protocol to induce subsurface enamel
demineralization. The pH-cycling regimen was intended
to simulate the natural fluctuations between
demineralization and remineralization in the oral
environment. During the demineralization phase, a
buffered solution was used, consisting of 2.2 mM
calcium chloride (Sigma-Aldrich, Germany), 2.2 mM
sodium phosphate (Tappico, Iran), and 0.05 M acetic
acid (Tappico). The pH of this solution was adjusted to
4.4 using 1 M potassium hydroxide (Sigma-Aldrich). The
remineralizing solution consisted of 1.5 mM calcium
chloride (Tappico), 0.9 mM sodium phosphate
(Tappico), and 0.15 M potassium chloride (Shimi Caroon,
Iran), with the pH adjusted to 7.0.

The specimens were immersed in 400 mL of the
demineralizing solution for 12 hours. Subsequently, the
teeth were transferred to the remineralizing solution for
an  additional 12 hours.  This
demineralization—remineralization

alternating
protocol was
repeated daily for 14 consecutive days, with freshly
prepared solutions used for each cycle. Upon
completion of the cycling regimen, all specimens
exhibited a characteristic frosty white appearance,
confirming successful induction of subsurface enamel
lesions.

Study groups

The specimens were randomly assigned to four groups
(n=10), based on the type of resin infiltrant applied on
demineralized enamel. The study groups were as
follows:

Group 1 (G1; Commercial resin infiltrant): The
specimens in this group were treated wth a commercial
resin infiltrant (ICON®; DMG, Hamburg, Germany).

Group 2 (G2; 5% BAG-modified infiltrant):
Demineralized enamel samples were treated with an
experimental resin infiltrant incorporating 5 wt%
Bioglass® 45S5 (Sigma-Aldrich, MA, USA).

Group 3 (G3; 2% BAG-modified infiltrant):
Demineralized enamel samples were treated with an
experimental resin infiltrant incorporating 2 wt%
Bioglass® 45S5.

Group 4 (G4: Filler-free infiltrant): Demineralized
enamel samples were treated with the unfilled
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experimental resin infiltrant. This resin was the same as
that used in G2 and G3, but without Bioglass® 45S5. This
group served as an additional control to evaluate the
effect of filler incorporation.

Resin infiltrant formulation and application

The experimental resin infiltrant was formulated using
bisphenol-A glycidyl methacrylate (Bis-GMA; Sigma-
Aldrich, MA, USA), triethylene glycol dimethacrylate
(Sigma-Aldrich), 2-hydroxyethyl methacrylate (Sigma-
Aldrich), and ethanol (Sigma-Aldrich) at a weight ratio of
2:1:5:2, respectively. The monomers and solvent were
accurately weighed using an analytical balance and
transferred into glass vials to minimize light exposure
during preparation.

For the BAG-containing formulations, 45S5 bioactive
glass powder was incorporated into the resin matrix at
concentrations of 2 wt% (G3) and 5 wt% (G2), calculated
relative to the total resin weight. The predetermined
amount of bioactive glass was gradually added to the
pre-mixed monomer—ethanol system under continuous
magnetic stirring to ensure uniform dispersion. The
mixture was then homogenized by continuous magnetic
stirring at room temperature for 48 hours to ensure
complete dissolution and uniform dispersion of all
components. After homogenization, the resin infiltrant
was inspected to confirm the absence of phase
separation and filler settling. The stability of the
formulation was confirmed through light-protected
storage at 4 °C until use, with no evidence of
sedimentation or layer formation observed.

For all groups, demineralized enamel regions were
etched with 37% phsphoric acid gel (Morvabon, Tehran,
Iran) for 5 seconds, rinsed for 30 seconds and dried for
10 seconds. The ethanol 96% was then applied to the
surface for two minutes to enhance resin infiltration.
The surface was then air-dried for 10 seconds.

The resin infiltrant was applied and allowed to
penetrate for 3 minutes while avoiding exposure to
ambient light. The surface was polymerized for 40
seconds with an LED curing unit (Woodpecker, China)
operating at an output intensity of 1200 mW/cm?.
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Microhardness evaluation

After treatment, specimens were longitudinally
sectioned and embedded with the cut surface exposed.
The enamel surface was ground with 600-2000 grit
silicon carbide papers (Matador, Tehran, Iran) to ensure
uniform contact during microhardness testing. Vickers
microhardness measurements were conducted using a
Shimadzu HMV-2 microhardness tester (Shimadzu
Corporation, Kyoto, Japan). A 10-N load was applied for
10 seconds at depths of 50, 100, and 150 um from the
enamel surface. Each depth was measured in triplicate,
and the mean value was recorded.

Statistical analysis

The Shapiro—Wilk test confirmed normality of the data
(P > 0.05). A two-way ANOVA was performed to assess
the effects of group, enamel depth, and their interaction
on microhardness. When significant differences were
detected, pairwise comparisons were performed using
Tukey’s honestly significant difference (HSD) post-hoc
test. The significance level was set at P < 0.05.

Results

Table 1 presents the mean and standard deviation (SD)
of microhardness at different depths in the study
Gl (ICON®) exhibited the highest
microhardness, while G4 (the filler-free infiltrant)

groups.

showed the lowest value at all depths. A two-way
ANOVA revealed a significant interaction between the
variables (P = 0.041); therefore, comparisons were
conducted using one-way ANOVA and repeated
measures analysis.(Figurel)

ANOVA
microhardness among the study groups at all depths (P
< 0.001; Table 1). Tukey’s HSD test showed that G1 had
significantly greater microhardness than the other
groups at all depths (P < 0.05; Table 1).

At a depth of 50 um, microhardness was significantly
greater in G2 (5% BAG-modified infiltrant) than G3 (2%

revealed a significant difference in

Tablel. Mean and standard deviation (SD) of microhardness (um) at different depths in the study groups

Group 50 microns 100 microns 150 microns P-value
Mean = SD Mean = SD Mean + SD

G1 242.0+31.5A 304.8 +39.0%8 335.0 £26.52¢ <0.001

G2 172.0 £35.0bA 245.0 £51.1b8 308.1 £28.45¢ <0.001

G3 95.4 £23.2¢A 225.5 +48.0b<B 310.2 +52.3bC <0.001

G4 90.6 £25.5¢A 202.2 +47.5¢8 255.2 +39.6<C <0.001

P-value <0.001 <0.001 <0.001

Different capital letters indicate statistically significant differences between depths at P<0.05.
Different lowercase letters indicate statistically significant differences between groups at P<0.05.

J Dent Mater Tech, Vol 14, No 4, December 2025



214

Effects of glass fillers in resin infiltrant on enamel hardnness

400~
& G1
300+ & G2
2 & G3
5 ¥ G4
8 200
e
S
=
100+
0

1 L)
50 pm 100 pm

T
150 ym

Figure 1. The average microhardness values observed in the study groups at different depths.

BAG-modified infiltrant) and G4 (P < 0.05; Table 1),
which were statistically comparable (P > 0.05).

At 100 um, G2 exhibited significantly greater
microhardness than G4 (P < 0.05; Tabe 1), while G3
showed no significant difference compared to either G2
or G4 (P > 0.05).

At 150 pm, microhardness in G2 and G3 was
comparable (P > 0.05), and both were significantly
higher than in G4 (P < 0.05).

The repeated measures analysis showed a significant
increase in microhardness with increasing depth in all
groups (P < 0.001; Table 1), with significant differences
observed between all depths (P < 0.05).

Discussion

This study evaluated the effect of incorporating 4555
bioactive glass into resin infiltrants on the
microhardness recovery of artificially demineralized
enamel at various subsurface depths.

In the present study, ICON® (G1) demonstrated the
highest microhardness values at all evaluated depths,
significantly outperforming both the BAG-modified (G2
and G3) and filler-free (G4) experimental formulations.
ICON® is a commercial resin infiltrant widely used for
tretament of WSLs. It is a low-viscosity, TEGDMA-based
(triethylene glycol dimethacrylate) resin matrix without
inorganic  fillers, thus demonstrating suitable
penetration depth.

The results of this study are in line with previous
laboratory and clinical studies, which have shown that
ICON® is highly effective in enhancing mechanical

properties and improving esthetic outcomes in early
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enamel lesions by deeply infiltrating and sealing the
lesion body (8, 9, 12, 13, 23-25). The superior
performance of ICON® compared to experimental resin
infiltrants used in this study can be attributed to its low-
viscosity, TEGDMA-based formulation, which allows for
more thorough saturation of the lesion body compared
to the more viscous experimental systems (26, 27).

At 50 um depth, the experimental resin formulation
containing 5 wt% Bioglass® 4555 (G2) showed
significantly greater microhardness than both G3
(experimental resin containing 2 wt% Bioglass® 45S5)
and G4 (filler-free infiltrant). At the depth of 100 um, G2
had significantly greater microhardness than G4,
whereas at 150 pm, microhardness of G2 and G3 were
comparable to each other and signifivcantly gretaer
than G4. These findings showed that incorporation of
Bioglass® 45S5 into the resin infiltrant was effective in
enhancing the mineral content of demineralized
enamel. Increasing the concentration of Bioglass® 4555
also caused a significant increase in microhardness,
which was significant at the most superficial depth (50
um).

The experimental infiltrants in his study incorporated
Bis-GMA (a more viscous, hydrophobic monomer) and
bioactive glass filler. The incorporation of Bis-GMA
increased viscosity, restricting resin flow into deep
intercrystalline spaces and resulting in incomplete pore
occlusion, particularly in the deeper lesion body regions
(100-150 um). Consequently, even though bioactive
glass releases calcium and phosphate ions, these ions
can only enhance hardness recovery in regions
successfully infiltrated by resin. The incomplete
infiltration in experimental groups, combined with
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limited ion diffusion pathways, resulted in reduced
microhardness recovery compared to the ICON® group
(9, 28). The present findings imply that while BAG
provides benefits over unfilled controls, viscosity-
related limitations prevent BAG-containing formulations
from matching ICON®'s performance across the entire
lesion depth range.

In the present study, all infiltrants, including ICON®
and the BAG-modified formulations, were applied using
a standard single-application protocol. In contrast, Paris
et al. (12) demonstrated that repeated infiltrant
application significantly increased microhardness. It is
possible that multiple infiltration applications could
potentially enhance BAG-related remineralization by
increasing both the penetration depth and the amount
of bioactive filler delivered within the lesion body.

Microhardness demonstrated a statistically significant
increase with measurement depth across all groups. The
subsurface lesion body (50-100 um) tends to be more
heavily demineralized and porous, whereas the deeper
enamel (100-150 um) retains higher mineral density,
making it less susceptible to acid dissolution (10). This
accounts for the observed higher microhardness at 150
pum compared to 100 and 50 um depths across all
groups. Similar depth-dependent patterns have been
documented in previous studies examining lesion
progression and remineralization effects of various
agents (29, 30).

The higher microhardness observed in groups
containing Bioglass® 45S5 compared to filler-free
infiltrant is consistent with findings of Park et al. (23)
and de Cerqueira et al. (31), who demonstrated that
incorporating Bioglass 45S5 into resin matrices
enhances mechanical recovery through sustained
Ca?*/P0O43" ion release and subsequent hydroxyapatite
precipitation. These studies also reported greater
hardness improvements at deeper lesion depths,
consistent with the depth-dependent trends observed in
the present study.

Bioglass® 45S5 releases Ca?*, PO43", and Si(OH)4 ions
upon contact with aqueous media, which raises the local
pH and promotes the formation of an apatite-like phase.
Such apatite-like structure can occlude enamel
porosities and reinforce demineralized tissue (32).
Recent studies have focused on developing bioactive
resin infiltrants that combine effective lesion
penetration with sustained ion release to enhance both
mechanical strength and biological remineralization (22,
29, 32-35).

When comparing G2 and G3 to each other, a
significant difference in microhardness was observed
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only at a depth of 50 um. With increasing depths to 100
pum and 150 pum, these two groups did not show a
significant difference from each other. This likely reflects
that a higher filler loading increases resin viscosity,
impairing capillary penetration (16), and potentially
causes uneven particle dispersion or agglomeration,
which limits ion release in the deeper lesion areas (37,
38).

This study has some limitations. The in vitro pH-
cycling model cannot fully replicate the biological
complexity of the oral environment, which influences
the behavior and progression of natural enamel lesions
(40, 41). Additionally, bovine enamel was used as the
substrate in this study. Although bovine enamel closely
resembles human enamel in composition,
microhardness, and permeability, it is not entirely
identical to human enamel (42, 43). These structural
differences may influence lesion progression and resin
infiltration behavior, and should be considered when
extrapolating the results to clinical conditions. Future
studies should explore resin penetration depth, degree
of conversion, ion-release profile, and evidence of
apatite formation after applying different formulations
of resin infiltrants on demineralized enamel. Further
research is also warranted to investigate alternative
formulations or filler concentrations to enhance
remineralization effectiveness.

Conclusions

Under the conditions used in this study:

1- Resin infiltrant formulation and lesion depth
significantly influenced enamel microhardness
recovery.

2- ICON® achieved the highest microhardness values

depths,
outperforming all experimental formulations.

at all evaluated significantly
3- Microhardness increased with depth in all groups.
4- Incorporation of Bioglass® 45S5 into the resin
infiltrant was effective in enhancing mineral
content of demineralized enamel, as compared to
unfilled resin. Increasing the concentration of
Bioglass® 45S5 also caused a significant rise in
microhardness at 50 um depth, but comparable

results at 100 and 150 um depths.
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