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A B S T R A C T

Introduction: Various approaches have been developed for the treatment of initial caries lesions (ICLs). ICON resin 
infiltrant is considered the gold standard for its superior aesthetic recovery; however, it is relatively expensive. 
Hi-Bond Universal is a bioactive glass adhesive that may promote remineralization and serve as a cost-effective 
alternative treatment.
Aim: This clinical trial compared the efficacy of Hi-Bond Universal and ICON in improving the aesthetic 
appearance of ICLs assessed by quantitative light-induced fluorescence (QLF).
Methods: A split-mouth design was used, with ICLs in two different quadrants of each participant. One quadrant 
was treated with ICON resin infiltration following the manufacturer’s instructions, while the other received the 
bioactive glass adhesive. QLF imaging was performed at baseline (T0) and one-month post-treatment (T1) to 
assess remineralization. Three parameters were measured: lesion area, fluorescence loss (ΔF), and the deepest 
point of the lesion (ΔFmax).
Results: Both materials showed statistically significant improvement in QLF parameters (ΔF, ΔFmax, and lesion 
area) from baseline T0 to T1 (p < 0.001). The mean changes in ΔF, ΔFmax, and lesion area were -5.34 and 
-13.30, -589.06 px² respectively for the Hi-Bond group, compared to -6.34, -15.12, -586.22 px² for ICON group. 
No significant difference was proven between the two groups (p > 0.05).
Conclusions: Both the bioactive glass adhesive Hi-Bond Universal and the resin infiltration ICON effectively 
promoted the aesthetic recovery of ICLs for over one month. Hi-Bond Universal may serve as a viable alternative 
to ICON, particularly in cases where cost is a limiting factor.
Clinical Significance: This study suggests that Hi-Bond Universal, a bioactive glass adhesive, offers similar efficacy 
to ICON resin infiltration in managing ICLs. Given its lower cost, Hi-Bond Universal may provide a practical and 
effective alternative in routine clinical settings, especially where affordability is a concern.

1. Introduction

The initial clinical manifestation of a carious lesion typically appears 
as an ICL, resulting from an imbalance between the processes of 
demineralization and remineralization within the enamel surface. ICLs 
are also referred to as incipient lesion, subsurface lesion, white spot 
lesion, or early caries lesion [1]. The term "white spot lesion" refers to 
areas of subsurface enamel porosity that represent as a milky-white 
opacity on smooth surfaces [2–4]. While "white spot lesion" remains 
favored in clinical settings for its descriptive appearance, the term 
"initial caries lesion" is considered more precise, better reflecting the 

early substance changes within the enamel, as recognized in cariology 
literature [5].

The ICL is characterized by a loss of minerals beneath the intact 
enamel surface. The mineral loss alters the refractive index (RI) of the 
affected enamel. Light passing through the enamel surface is scattered 
by the subsurface demineralized area, producing the characteristic 
opaque, white appearance [3].

The global prevalence of dental caries is high, affecting 46.2 % of 
primary teeth and 53.8 % of permanent teeth [6]. The occurrence of ICLs 
is common among orthodontic patients. A meta-analysis reported an 
incidence rate of 45.8 % and a prevalence rate of 68.4 % during fixed 
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orthodontic treatment [7]. Existing oral hygiene status and the presence 
of lesions before treatment are significant prognostic factors for ICL 
development [8]. Based on post-orthodontic treatment evaluations 
using QLF, up to 97 % of individuals with fixed appliances may expe
rience ICLs [9,10].

While ICLs may undergo some spontaneous remineralization, com
plete aesthetic recovery is not guaranteed. The most significant 
improvement in appearance occurs shortly following orthodontic 
appliance removal [11]. However, ICLs may persist and even progress, 
potentially developing into cavities if left untreated [12].

There are multiple options for treatment of ICL, ranging from con
servative to invasive techniques. These can be categorized into four 
main approaches: the remineralization strategies [1], micro-invasive 
techniques [13,14], minimally invasive techniques and more invasive 
methods like composite restorations [4,15].

The remineralization approach involves high-concentration topical 
fluoride applications [16]. Fluoride varnishes and bioactive glass have 
been proven effective in arresting ICL progression [17]. However, 
aesthetic improvements may be limited, since high fluoride concentra
tions primarily promote remineralization of the superficial enamel layer 
while the underlying subsurface layer remains susceptible to continuous 
demineralization [15,18,19].

The micro-invasive technique is a management approach in which 
synthetic resin penetrates and fills the microporosities of the lesion [13]. 
ICON resin stands out as an innovative material specially designed for 
micro-invasive management of ICL, eliminating the need for drilling. It 
blends effectively with surrounding enamel, providing a significant 
aesthetic benefit [13,20].

Despite its clinical success and recognition as the gold standard for 
ICL infiltration, ICON’s high cost can be prohibitive, particularly for 
patients requiring treatment of multiple lesions. This makes it less 
accessible, especially in cases where dental insurance does not cover the 
procedure.

Bioactive materials have emerged as a cost-effective and biologically 
beneficial alternative. Hi-Bond Universal (MDCLUS, Cheongju-si, South 
Korea), a novel bioactive universal adhesive, contains mesoporous 
bioactive glass, specifically the nanofiller (Bioglass 45S5), which re
leases calcium, phosphate, and fluoride into the oral environment. These 
ions penetrate hard tooth tissues, inhibit demineralization, contribute to 
enamel remineralization, and support the repair of carious tissue [21]. 
Additionally, Hi-Bond Universal incorporates the functional monomer 
10-MDP, which promotes chemical bonding to tooth structure and 
provides continuous pH buffering [22]. Its Bio-regeneration properties 
further suggest that Hi-Bond Universal may not only seal ICLs but also 
support remineralization and repair of demineralized enamel and 
dentine [21].

Bioactive glass-containing resin composite has been tested and 
proven effective in dentinal tubule remineralization [23]. However, 
clinical evidence evaluating its in vivo remineralization potential and 
impact on ICL management remains lacking. Therefore, this clinical trial 
was designed to compare the efficacy of Hi-Bond Universal bioactive 
glass resin adhesive and ICON resin infiltration for improving the 
aesthetic appearance of ICLs, as assessed by QLF.

The null hypothesis of this study was that Hi-Bond Universal bioac
tive adhesive would not result in a statistically significant difference in 
fluorescence loss parameters of ICLs, as measured by QLF, over one 
month compared to ICON resin infiltrant.

2. Material and methods

2.1. Ethical approval and recruitment of patients

Ethical approval for this clinical trial was obtained from the Insti
tutional Review Board (IRB) (IRB 35/160/2023). This research was 
funded from the deanship of research [Grant number 20,230,339]. 
Additionally, the trial was officially registered on ClinicalTrials.gov 

under the reference number NCT06402500.
Participants signed a written informed consent form prior to the 

initiation of the restorative clinical procedures. Fifteen patients were 
recruited for this trial, each presenting with at least one ICL on the labial 
surface of teeth in two contralateral quadrants, both requiring 
treatments.

Patients were included if they were post-orthodontic and had 
obvious areas of ICLs on the labial surfaces of maxillary or mandibular 
anterior teeth and premolars. The exclusion criteria included cavitated 
lesions requiring restoration, environmental or developmental enamel 
defects, existing restorations on affected teeth, diabetes mellitus or 
metabolic conditions, pregnancy, and smoking.

2.2. Study design and sample size calculation

This randomized clinical trial followed a split-mouth design wherein 
each participant received the two treatments on different sides of the 
mouth. It was conducted at the Postgraduate Clinics of Restorative 
Dentistry, during the period February 2024 to December 2024. The 
number of participants, allocation of teeth to each treatment group, and 
the final numbers of restorations evaluated at the one-month recall visit 
are presented in a CONSORT flow diagram (Fig. 1). The CONSORT 
reporting guidelines have been used during the preparation of this 
report [24].

The required sample size was calculated using GPower Software 
(Version 3.1.9.7) (developed by Heinrich-Heine University Düsseldorf, 
Germany) based on an expected effect size of 0.45, with a significance 
level of α=0.05 and a power of 95 %. The degrees of freedom (DF) for the 
outcomes were calculated as: (5 - 1) × (2 - 1) = 4 resulting in a critical 
chi-square (χ2) value of 9.49.

Using these parameters, the required sample size of each group was 
determined to be 46 lesions, resulting in a total of 92 lesions across both 
groups. To account for potential dropouts or missing data, an additional 

Fig. 1. CONSORT flow diagram showing the number of participants, treated 
teeth, and lesions allocated to the ICON and Hi-Bond Universal treat
ment groups.
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10 % was added yielding a total of 102 lesions (51 teeth per quadrant).

2.3. Randomization and blinding

The randomization process ensured that each participant received 
both treatments (HI Bond and ICON) on different sides of the mouth. A 
total of 102 ICLs were randomly assigned to one of the two treatment 
protocols using a computer-generated randomization list, created with 
online software (www.sealedenvelope.com). Patients were blinded to 
the details of the experiment and were unaware of which side of the 
mouth was treated with which material.

2.4. Inclusion and exclusion criteria

Patients were included if they had post-orthodontic ICLs on the labial 
surfaces of maxillary or mandibular anterior teeth and premolars, had 
completed orthodontic treatment at least one month prior to enrollment, 
and provided written informed consent.

Exclusion criteria included cavitated lesions requiring restoration, 
environmental or developmental enamel defects, existing restorations 
on affected teeth, diabetes mellitus or other metabolic conditions, 
pregnancy and smoking.

2.5. Treatment protocols

After the clinical examination, teeth with visible ICLs were recorded 
using Palmer notation system. The dental arch was divided into two 
quadrants: one quadrant received treatment with the resin infiltration 
material (ICON DMG, Hamburg, Germany), while the other quadrant 
was treated with the bioactive glass adhesive material Hi-Bond Uni
versal (MDCLUS, Cheongju-si, South Korea). The Icon Resin Infiltrant 
system includes Icon Etch, Icon Dry, and Icon Infiltrant. Hi-Bond Uni
versal contains mesoporous bioactive glass (MBG), a methacrylate 
polymer-based resin, and ethanol. The composition details of both 
treatment materials are provided in Table 1.

Treatment allocation was assigned irrespective of the number of 
teeth in each quadrant. Orthodontic patients were enrolled in the study 
no earlier than one month and no later than three months after 
debonding of their fixed orthodontic appliances [25]. Scaling was per
formed when indicated, especially if the patient had not undergone 
scaling in the last three months. Treatment commenced one week after 
scaling to ensure gingival health. Preoperative baseline records were 
captured using a QLF device.

2.6. Restorative procedures

Both materials were applied according to the manufacturer’s in
structions using a standardized protocol (Fig. 2). After isolating the 
tooth with a rubber dam (Step 1) the enamel surface was polished with a 
blue rubber polishing cup, then thoroughly rinsed with water and air- 
dried (Step 2).

Lesions were etched with Icon-Etch (15 % hydrochloric acid) for two 
minutes with gentle agitation, rinsed with water for 30 s, and air-dried 
for 10 s (Step 3). Icon-Dry (ethanol >99 %) was then applied for 30 s and 
air-dried for 10 s (Step 4). If a frosty appearance of the enamel surface 
was not observed after the initial etching, a second etching step was 
performed for 60 s followed by a water rinse for 30 s and air drying (Step 
5).

For resin application, either Icon or Hi-Bond Universal infiltrant was 
applied and left undisturbed for 3 min (Step 6). The lesion surface was 
kept wet throughout this time by intermittently twisting the Icon syringe 
for the Icon group, or by intermittently dabbing the surface with a 
microbrush dipped in resin. Resin was then dispersed with air, and floss 
was used interproximally before light curing was performed for 40 s 
using an LED curing light (D-Light Pro, 1200 mW/cm²) (Step 6). A 
second application was performed for 60 s, followed by air dispersion 
and a final 40-second light polymerization (Step 7). The treated surfaces 
were polished with a rubber polishing cup for 10 s and rinsed with water 
(Step 8).

The same overall protocol was applied to both groups to ensure 
procedural consistency and minimize bias. A schematic summary of the 
entire restorative procedure is provided in Fig. 2.

2.7. Clinical evaluation

Follow-up assessments were performed one month after treatment 
and included QLF imaging to monitor changes in ICLs. All lesion as
sessments were performed by the same clinician who carried out the 
treatments. A QLF-D Biluminator™ 2 (Inspektor Research Systems BV, 
Amsterdam, Netherlands) was used for fluorescence imaging. This sys
tem consists of the Canon 450D full-sensor single-lens reflex (SLR) 
camera equipped with BiluminatorTM, containing blue and white LEDs 
arranged around the lens aperture. The tube includes differential 
filtering, allowing for both regular and fluorescent imaging. Photo 
capture was controlled via dedicated software on a PC [26].

To ensure reproducibility, the camera cone remained in direct con
tact with patient’s cheek, maintaining a constant imaging distance. 
Fluorescence images of the teeth with ICLs were captured before the 
application of the adhesive (T0) and after one month of follow-up (T1).

2.8. Measured variables

The following lesion parameters were analyzed: 

1. Fluorescence loss (ΔF %) – indicating mineral loss within the lesion.
2. Maximum fluorescence loss (ΔFmax %) – representing the deepest 

point of mineral loss.
3. Lesion surface area (px²) – measured in pixels

2.9. Lesion analysis and quantification

Fluorescence loss and lesion area were quantified using dedicated 
software (QA2 version 1.18, Inspektor Research B.V., Amsterdam, 
Netherlands). To determine lesion extent, a patch was drawn around the 
lesion site, ensuring its borders align with sound enamel. Within this 
patch, the fluorescence levels of affected enamel were reconstructed 
based on the fluorescence radiance of the surrounding sound enamel. 
The percentage difference between the reconstructed fluorescence levels 
and the original fluorescence levels was then calculated [27].

To determine lesion surface area, contour points were used to outline 

Table 1 
Composition and manufacturers of the tested resin materials.

Material Composition* Manufacturer

HI-Bond 
UNIVERSAL

• Methacrylate polymer-based 
resin

• Ethanol
• Mesoporous bioactive glass 

(MBG)

MDCLUS, Cheongju-si, 
South Korea

ICON Resin 
Infiltrant

• Icon Etch ingredients: 
• Water
• Hydrochloric acid
• Bioactive dental glass
• Additives
• Icon Dry ingredients: 
• Ethanol
• Water
• Icon Infiltrant ingredients: 
• TEGDMA,
• TMPEOTA,
• Additives,
• 2-ethylhexyl 4- 

dimethylaminobenzoate

DMG, Hamburg, 
Germany

* According to the product information provided in the manufacturer’s leaflet.
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the lesion in pixels². Decalcification was visually assessed in QLF images, 
appearing as dark areas surrounded by brightly fluorescing sound 
enamel. The measured values were recorded in an Excel spreadsheet for 
statistical comparison between pre-and post-treatment data.

2.10. Statistical methods

Data was analyzed using IBM SPSS Statistics (Version 28, IBM Corp., 
Armonk, NY, USA). Data normality was assessed using Kolmogorov- 
Smirnov test. Consequently, non-parametric tests were used to verify 
possible differences. The Mann-Whitney U test was used to compare ΔF, 
ΔFmax, and ICL area between the two treatment groups. Within each 
group, the pairs of data before and after treatment were tested using the 
Wilcoxon Signed Ranks test. Additionally, the change in F (ΔF), Fmax 
(ΔFmax) and ICL Area (ΔWS Area) were calculated for each patient. 
Statistical significance was set at P < 0.05.

3. Results

3.1. Descriptive statistics

A total of 107 teeth with ICLs from fifteen patients were included in 
this study. Of these, fifty-five teeth were treated using the bioactive glass 
adhesive and fifty-two teeth treated with the resin infiltration material. 
The difference in numbers occurred because some patients had an un
equal number of eligible lesions between contralateral quadrants.

3.2. Comparative statistics

The results of both groups were analyzed separately within each 
group by comparing baseline (T0) and one- month follow-up (T1) 
measurements (Table 2). Both groups demonstrated significant 
improvement in ΔF, ΔFmax, and lesion surface area from baseline to the 

one-month follow-up (p < 0.001). Figs. 3 and 4 show representative QLF 
images from the ICON and Hi-Bond groups, respectively, visually illus
trating changes in lesion characteristics from baseline (T0; Fig. 3) to the 
one-month follow-up (T1; Fig. 4).

The mean changes in ΔF, ΔFmax, and lesion surface area from 
baseline to follow-up were − 5.34, − 13.30, and − 589.06 px² for the Hi- 
Bond group, compared to − 6.34, − 15.12, and − 586.22 px² for the ICON 
group, respectively (Table 3). To further assess the differences in the 
lesion size between the two treatment groups, the changes in lesion 
measurements from baseline (T0) to one-month follow-up (T1) were 

Fig. 2. Step-by-step schematic illustration of the resin infiltration procedure used for both ICON and Hi-Bond Universal groups.

Table 2 
Mean and standard deviation (SD) of fluorescence loss (ΔF, ΔFmax) and lesion 
area before and after treatment with Hi-Bond Universal and ICON.

Parameter Hi-Bond Universal 
(Mean ± SD)

ICON (Mean 
± SD)

p-value 
(b)

ΔF (T0) (Lesion fluorescence loss 
before treatment)

− 9.84 ± 6.70 − 9.36 ±
7.23

0.948

ΔF (T1) (Lesion fluorescence loss 
after treatment)

− 4.51 ± 6.32 − 3.20 ±
5.32

0.922

p-value (a) <0.001 <0.001 —
ΔFmax (T0) (Maximum lesion 

fluorescence loss before 
treatment)

− 22.61 ± 21.51 − 21.42 ±
19.38

0.579

ΔFmax (T1) (Maximum lesion 
fluorescence loss after 
treatment)

− 9.31 ± 16.90 − 6.73 ±
14.36

0.246

p-value (a) <0.001 <0.001 —
Lesion area (T0) (Lesion surface 

area before treatment, px²)
931.50 ± 1448.75 857.94 ±

1127.16
0.286

Lesion area (T1) (Lesion surface 
area after treatment, px²)

342.44 ± 1236.09 288.55 ±
837.97

0.400

p-value (a) <0.001 <0.001 —

p-value (a): Within-group significance of change from T0 to T1.
p-value (b): Between-group comparison at each time point.
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calculated and compared. Intergroup comparisons showed no statisti
cally significant differences between Hi-Bond Universal and ICON in the 
mean changes of ΔF, ΔFmax, or lesion surface area (p > 0.05) (Table 3).

4. Discussion

The null hypothesis of this study was that Hi-Bond Universal bioac
tive adhesive would not produce a statistically significant difference in 
fluorescence loss parameters of ICLs, as assessed by QLF, over one month 
compared to ICON resin infiltrant. This hypothesis was rejected, as no 
significant difference was found between the two materials in terms of 
fluorescence loss measurements.

Although the study aimed to assign an equal number of lesions to 

each treatment group on contralateral jaw sides per patient, the final 
distribution of treated teeth was slightly imbalanced between groups. 
This occurred because some patients presented with an unequal number 
of eligible lesions across contralateral quadrants. For ethical reasons, all 
identified lesions were treated, resulting in 55 teeth in the ICON group 
and 52 teeth in the Hi-Bond Universal group.

Patients with certain systemic conditions known to affect salivary 
composition and flow, such as metabolic disorders, diabetes, pregnancy, 
and smoking [26–28] were excluded to minimize confounding variables. 
This is particularly relevant for Hi-Bond Universal, wherein its bioac
tivity relies on its interaction with salivary electrolytes and salivary flow 
[29,30].

QLF was used in this study due to its non-invasive, reproducible 
nature, providing a reliable tool for measuring subtle changes in ICL 
fluorescence, which are typically associated with alterations in the 
mineral content of enamel. before and after the treatment. This allowed 
for objective, quantitative monitoring of lesion behavior over time [31,
32].

The results of this clinical trial demonstrated that both Hi-Bond 
Universal and ICON contributed to a reduction in fluorescence loss 
(ΔF, ΔFMax) and lesion surface area, as measured by QLF, indicating an 
improvement in the appearance of ICLs. Several studies affirmed that 
changes in these parameters could be due to mineral gain in the ICL [25,
26,33]. In the Hi-Bond treatment group, the enhanced color match is 
likely due to combined effects of resin infiltration and mineral gain 
facilitated by the bioactive properties of the material. In contrast, the 
improvement observed with ICON treatment is more plausibly due to 
optical masking from resin infiltration alone, as lesion remineralization 
is unlikely following complete sealing [13].

The bioactive material incorporated in Hi-Bond Universal is based on 
45S5 bioactive glass, a composition well recognized for its ability to 
promote enamel remineralization and support caries management [21,
34]. Upon exposure to moisture, 45S5 bioactive glass undergoes ion 
exchange, releasing calcium, phosphate, sodium, and other beneficial 
ions into the surrounding environment. This ionic release not only in
creases the local pH, creating a less acidic, antibacterial environment, 
but also facilitates the precipitation of a hydroxycarbonate apatite 
(HCA)-like layer that mimics the natural mineral content of enamel and 
promotes filling of porosities within subsurface lesions [21]. This dual 
action, remineralization and pH modulation, is particularly advanta
geous for managing ICLs, where mineral restoration within the lesion 
body is critical [34].

The mechanism of action of 45S5 glass in Hi-Bond closely aligns with 
other bioactive systems. Fluoride-containing bioactive materials, such as 
BioMinF® and similar glass-based sealers, promote re mineralization 
through the sustained release of calcium, phosphate, and fluoride ions, 
leading to the formation of fluorapatite, which enhances acid resistance 
[35]. In contrast, borate-based bioactive glasses demonstrate more rapid 
degradation and ions release, which may enhance antibacterial efficacy 
but can compromise the long-term mineral stability needed in adhesive 
applications [21]. These characteristics suggest that the 45S5 bioactive 
glass in Hi-Bond offers an effective balance between remineralization 
capacity, biocompatibility, and structural durability in managing ICLs 
[34].

The current study revealed that there are no significant intergroup 
differences in the aesthetic appearance of ICLs after one month, sug
gesting that both materials provided comparable visual improvement. 
While this does not directly confirm the bioactive effect of Hi-Bond 
Universal, its performance comparable to ICON supports its potential 
as a cost-effective alternative. Moreover, the results are consistent with 
previous studies showing that ICON can effectively arrest ICL progres
sion [31,36,37].

Another factor to consider is the potential influence of the Haw
thorne effect wherein participants may alter their behavior or the out
comes of a study due to awareness of being observed. This factor could 
have contributed to the observed improvements in both treatment 

Fig. 3. Representative QLF image of initial caries lesions at baseline (T0). 
The maxillary right quadrant shows QLF images of the right canine, lateral 
incisor, and central incisor prior to treatment with ICON resin infiltrate, while 
the left quadrant shows the central and lateral incisors before treatment with 
Hi-Bond Universal. The image illustrates baseline fluorescence and lesion visi
bility prior to the application of either treatment.

Fig. 4. Representative QLF image of initial caries lesions at one-month follow- 
up (T1). 
The maxillary right quadrant shows the right canine, lateral incisors, and 
central incisors one month after treatment with ICON resin infiltrate, while the 
left quadrant shows the central and lateral incisors one month after treatment 
with Hi-Bond Universal. The image illustrates changes in fluorescence and 
lesion visibility following treatment.

Table 3 
Mean change (± SD) in QLF parameters from baseline (T0) to one-month follow- 
up (T1) for both treatment groups.

Parameter Hi-Bond Universal 
(Mean ± SD)

ICON (Mean 
± SD)

p- 
value

ΔF (Lesion fluorescence loss) − 5.34 ± 6.01 − 6.34 ± 6.05 0.111
ΔFmax (Maximum lesion 

fluorescence loss)
− 13.30 ± 16.12 − 15.12 ±

14.21
0.264

ΔICL Area (Reduction in lesion 
surface area, px²)

− 589.06 ± 1073.22 − 586.22 ±
1056.05

0.492
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groups [38].
QLF was used in this study as a non-invasive and reproducible 

method to assess changes in lesion fluorescence, which are typically 
associated with alterations in the mineral content of enamel. However, it 
is important to note that QLF may not reliably distinguish between 
fluorescence changes caused by actual remineralization and those due to 
the resin infiltration [31,32].

QLF technology measures changes in fluorescence that generally 
reflect alterations in mineral content of enamel. However, following 
resin infiltration, the improvement in fluorescence readings may partly 
result from optical masking due to the infiltration of resin into the 
porous lesion body rather than true mineral gain.

The masking ability of the infiltration stems from its refractive index 
(RI). The low-viscosity resin used in micro-invasive infiltration has RI 
(1.475), similar to that of sound enamel (1.65). This similarity enables 
the resin to mask the white spot appearance of ICLS by altering light 
transmission through the lesion [39]. Because QLF utilizes the refraction 
of light from the surface, the fluorescence difference of the ICL as 
compared to adjacent sound enamel decreases following infiltration, 
potentially mimicking remineralization [40]. Consequently, while QLF 
remains a valuable tool for monitoring lesion changes, its results 
following resin-based interventions must be interpreted with caution 
[40]. In the present study, the observed reductions in ΔF, ΔFmax, and 
lesion area in both treatment groups likely reflect a combination of true 
remineralization in the Hi-Bond Universal group, due to its bioactive 
properties and optical masking in the ICON group.

4.1. Study limitations and future research

The split-mouth design used in this study may have introduced a risk 
of ionic cross-contamination between quadrants, potentially influencing 
the remineralization process observed in Hi-Bond Universal treated le
sions. However, as ICON acts primarily through resin infiltration and 
lesion sealing, cross-contamination would likely have had minimal ef
fect on its outcomes. Future studies using a parallel-group design are 
recommended to better isolate material-specific effects.

Additionally, the absence of a fluoride-only control group limits the 
ability to directly compare the tested materials with conventional 
remineralization strategies. A fluoride control group is planned for an 
upcoming study to address this limitation.

Finally, while QLF provided a sensitive, non-invasive assessment of 
lesion changes, it cannot distinguish between true mineral gain and 
optical masking by resin infiltration. Complementary methods, such as 
scanning electron microscopy or microradiography, could provide 
deeper insights into enamel microstructure and help validate the long- 
term efficacy of bioactive glass materials.

5. Conclusions

Hi-Bond Universal bioactive resin and ICON resin infiltrant both 
improved the clinical appearance of ICLs, as assessed by QLF. Given 
their comparable effectiveness, Hi-Bond Universal presents a promising 
and cost-effective alternative to ICON for managing ICLs. Long-term 
clinical studies with extended follow-up are warranted to assess the 
sustainability of these improvements over time..
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