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Abstract: Background: The aim of this study was to evaluate the adaptation of a resin-modified
glass ionomer to the internal walls of dentin with different conditioning systems, with or without
the application of silver diamine fluoride (SDF) and potassium iodide (KI). Methods: Cervical
standardized cavities were prepared on the buccal and lingual sides of 15 extracted molars. Molars
were then sectioned longitudinally in a buccolingual direction, obtaining two samples from each
tooth with two cavities each (60 samples). Samples were randomly divided into three groups (n = 20).
Each group was divided into two subgroups. One subgroup did not receive dentin conditioning, one
was conditioned with 25% polyacrylic acid—10 s (PA), and one with 37% orthophosphoric acid—5 s
(OPA). In the other subgroup, dentine was treated with SDF/KI and not conditioned or conditioned
with PA or OPA. All cavities were filled with Riva Light Cure® (RLC). The adaptation of the RLC to
the cavity walls was evaluated by SEM at 100× magnification. The area of maximum interfacial gap
was magnified at 1000× to measure its size. Kruskal–Wallis and Mann–Whitney U test were used
for comparison. A significance level of α = 0.05 was used. Results: No significant differences in the
percentage of well-adapted samples were found in subgroups when SDF/KI was used, regardless of
whether conditioner was used or not and whether PA or OPA was used (p > 0.05). Regardless of the
gap size, dentin treatment with SDF/KI did not negatively influence ionomer adaptation to dentin
walls significantly (p > 0.05), except for the subgroup conditioned with OPA (p < 0.05). Furthermore,
it improved the adaptation in the axial wall of the subgroup without dentin conditioning (p < 0.05).
Conclusion: According to the results of the present in vitro study, the use of SDF/KI did not affect
RLC adaptation to the cavity walls. Subsequent use of a conditioner worsens the adaptation of the
material to the cavity walls.

Keywords: dentin conditioning; silver diamine fluoride; Riva Light Cure; orthophosphoric acid;
polyacrylic acid; resin-modified glass ionomer cement

1. Introduction

Physiologically and anatomically, dentin is a complex structure, consisting of approxi-
mately 70% hydroxyapatite crystals, 18% organic matter, and 12% water and plasma-like
fluids. The dentin–pulp complex is derived from the ectomesenchyme, structurally forming
a true biological and functional unit [1].

Adhesion to dentin is considered more complex than adhesion to enamel due to its
organic component and the presence of a smear layer that obstructs the entrance of the
dentinal tubules, decreasing their permeability to adhesive systems and liners. The smear
layer should be treated or eliminated, depending on the different bonding strategies and
characteristics of the materials to be used [2]. Glass ionomers can chemically bond to dentin
due the ion exchange layer at the interface formed by continuous diffuse of aluminum,
silicon, fluorine, and strontium when present in the parent glass ionomer, and calcium and
phosphorus from dentin [3].

Appl. Sci. 2023, 13, 991. https://doi.org/10.3390/app13020991 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13020991
https://doi.org/10.3390/app13020991
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-8603-9883
https://orcid.org/0000-0002-3942-2820
https://doi.org/10.3390/app13020991
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13020991?type=check_update&version=2


Appl. Sci. 2023, 13, 991 2 of 10

Since Powis et al. [4] introduced polyacrylic acid, it has been used as a conditioner
to improve the adhesion of glass ionomers. It contains numerous functional carboxyl
ions, which form hydrogen bonds that promote substrate wettability. Its use is recom-
mended at a concentration of 10%, 20%, or 25% [5]. Another alternative is the use of
orthophosphoric acid (OPA) at concentrations around 37.5%, between 5 and 10 s [6]. Acid
conditioning has been shown to improve the bond strength of glass ionomers to the dentin
substrate [6–10]. In addition, the type of conditioner, its application time, and concentration
can also influence bond strength [11].

Glass ionomer cements (GIC) are biomaterials that belong to the family of acid-base ce-
ments. They are the product of the reaction of weak polymeric acids with phase-separated
amorphous sodium–fluorine–aluminum–silicate glass powder [12]. They set in the pres-
ence of water and the final structure contains concentrations of unset glass that act as
reinforcement. They contain three fundamental components: a soluble polymeric acid,
a basic glass, and water. The glass is a complex material consisting of fluorine, calcium or
strontium, aluminum silicate, and phosphorus [13]. The polymeric acid solution is mainly
polyacrylic acid, although maleic and itaconic acid may be present in lower concentrations
to improve handling and increase working time. They set by means of an acid-base re-
action 2–3 min after mixing, although the reaction can last up to 48 h. The bioactivity of
glass ionomers is produced by an ionic exchange between the material and the substrate
that can be maintained over time, with an initial rapid early release phase, followed by
a sustained phase [14].

Resin-modified glass ionomer cements (RMGICs) contain the same essential compo-
nents as conventional GICs, but incorporate a monomer, usually 2-hydroxyethyl methacry-
late (HEMA), and a photoinitiator. Therefore, they exhibit two setting reactions: light-curing
and the characteristic acid-base reaction of glass ionomers [15].

High density GICs are materials of very high viscosity, whose glasses have been
improved by the addition of strontium, bioactive glasses, or even zirconium. This results
in a reduction in their working and hardening times, and a notable improvement in their
physical–chemical and mechanical properties, together with a minimum solubility. They
can be self- or light-cured [16].

Silver diamine fluoride (SDF) is a cost-effective and easy-to-use alternative for the
remineralization of carious dentin (13). SDF is presented in an alkaline colorless liquid form
(pH 10), composed of 24–27% silver (Ag), 8.5–10.5% ammonia (NH3), and approximately
38% fluoride (F) [9]. Currently, a triple mechanism of action of SDF against caries lesions is
described: Firstly, due to the high concentrations of fluoride, a greater diffusion is achieved
in enamel and dentin, favoring their remineralization. Secondly, silver possesses a bacteri-
cidal action and remains in the demineralized and hypomineralized areas, hardening them
and preventing their reinvasion by means of a series of metabolites. Thirdly, ammonia
stabilizes the solution and maintains the pH [17]. Furthermore, in dentin, SDF favors the
maintenance the collagen matrix’s integrity due to its ability to inhibit bacterial metallopro-
teinases, which play an important role in the enzymatic degradation of collagen. Potassium
iodide (KI) decreases blackening of dentin caused by SDF [18].

The combined use of SDF/KI and bioactive restorative materials such as GICs has been
proposed in minimally invasive procedures for the treatment of deep carious lesions, aiming
to preserve viable demineralized dentin by exploiting their remineralization ability [19].

One problem that could arise is the adaptation of GICs to cavity walls and their bond
strength to SDF/KI-treated dentin. A recent systematic review concludes, not without
highlighting the methodological disparity among the included studies, that the application
of SDF/KI has no adverse impact on bond strength [20]. Interestingly, some studies even
indicate that it increased the bond strength of GICs on SDF/KI-treated dentin [10].

To our knowledge, there are no studies that evaluate the adaptation between RMGICs
and dentin when the latter is treated with SDF/KI, nor the influence of the use or absence
of a dentin conditioning system before the application of the ionomer. Accordingly, the
objective of the present in vitro study was to evaluate the adaptation of a high-viscosity
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resin-reinforced glass ionomer (Riva Light Cure®) to dentin walls treated with different
conditioning systems, with or without the application of SDF/KI, by means of scanning
electron microscopy.

The null hypothesis was that the use of SDF/KI does not influence the adaptation of
the glass ionomer to cavity walls regardless of dentin conditioning.

2. Materials and Methods
2.1. Sample Preparation

An experimental in vitro study was devised on human molars whose extraction was
indicated for periodontal or surgical reasons from donors aged between 40 and 60 years old.
The protocol for this study was approved by the Ethics Committee of the Universitat de
València (ref. 158063760605607). Written informed consent was obtained from the donors
prior to the use of the tooth samples in the present study. The materials used for the present
study are described in Table 1

Table 1. Material characteristics.

Material Composition
Manufacturer,
City, Country

Batch n◦

Riva Light Cure
Liquid: Polyacrylic acid, tartaric acid, HEMA
Powder: Bioactive glass (Ionglass™), contains
fluoride and strontium ions

SDI,
Bayswater, Australia

873003

Riva Conditioner Polyacrylic acid 25–30% in weight
SDI,
Bayswater, Australia

334601

Gel Etchant Orthophosphoric acid 37.5% in weight Kerr, Bioggio, Switzerland 200317

Riva Star
Silver diamine fluoride: 38% silver fluoride,
15–20% anhydrous ammonia, and water.
Potassium iodide

SDI,
Bayswater, Australia

11557551

Once extracted, the teeth were preserved at room temperature in a 0.1% thymol
solution for one week. Organic debris was removed with ultrasonic tips and curettes. The
teeth were then inspected under magnification and 15 molars free of caries, cracks, or any
other structural defect were selected. They were preserved in physiological saline solution
until their use at 4 ◦C, within 6 months of extraction.

In each tooth, two class V cavities were prepared, one on the buccal side and one on
the lingual/palatal side, with the coronal margin in enamel and the apical margin in dentin
(1 mm apically from the dentinoenamel junction). The cavity proportions were as follows:
4 mm in length by 4 in width by 2 in depth (2 × 4 × 4). An ISO 835 diamond bur was used
to perform the cavities, which was replaced after preparing five cavities. A schematic rep-
resentation of the cavities view is shown in Figure 1A. Once the cavities were prepared, the
teeth were sectioned longitudinally in a buccal/lingual–palatal direction with a diamond
disc (ISO 806 104356524 220 Komet, Lemgo, Germany) until the cavity limit was reached,
at which point they were separated by fracture by using a dental elevator (Figure 1B). In
this way, two samples from each molar with two cavities each were obtained (n = 30 molar
halves; n = 60 cavities).

Twenty molar halves were randomly assigned to a group, accordingly with the dentin-
conditioning procedure (25% polyacrylic acid (PA) for 10 s or 37% orthophosphoric acid
(OPA) for 5 s). The 10 remaining molar halves were the control group, which received no
dentin conditioning. Each group was divided in two subgroups. At the same time, SDF/KI
were applied to one of the cavities from each half (subgroup). The distribution and process
of the different conditioning procedures is shown in Table 2.
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Figure 1. Cavity design (A); longitudinal view of the cavities after molar sectioning (B).

Table 2. Study subgroups accordingly dentin conditioning procedures and SDF/KI application
(n = 10 cavities) in each subgroup.

GIC (Control) Glass Ionomer Cement. Application in One Increment and Light Curing for 20 s

SDF/KI + GIC SDF application for 1 min, KI application for 2 min, cavity rinsing, GIC application in one increment
and light curing for 20 s.

PA + GIC 25% Polyacrylic acid. Dentin conditioning for 10 s, cavity rinsing and mild drying, GMIC application
in one increment and light curing for 20 s.

PA + SDF/KI + GIC SDF application for 1 min, KI application for 2 min, cavity rinsing, dentin conditioning with 25% PA for
10 s, cavity rinsing and mild drying, GIC application in one increment and light curing for 20 s.

OPA + GIC 37% Orthophosphoric acid. Dentin conditioning for 5 s, cavity rinsing and mild drying, GIC
application in one increment and light curing for 20 s.

OPA + SDF/KI + GIC SDF application for 1 min, KI application for 2 min, cavity rinsing, dentin conditioning with 37% OPA
for 5 s, cavity rinsing and mild drying, GIC application in one increment and light curing for 20 s.

Once the cavity was conditioned according to the procedure described in Table 2,
the Riva Light Cure® was applied. The capsule was first activated, vibrated for 10 s at
4800 rpm, placed in the applicator, and placed in the cavity. The material was adapted
to the walls using a plastic instrument, an acetate strip was placed on the surface of the
material and light cured with a 1500 mW/cm2 LED lamp (Masters, Madrid, Spain) for 20 s.

The samples were kept at room temperature for 24 h, each specimen was stored indi-
vidually in labelled Eppendorf tubes with PBS, and then thermocycled. The thermocycling
process was performed manually by immersing the specimens alternately in a cold-water
bath at a temperature of 5 ◦C and hot water at 55 ◦C alternately for 30 s for 1500 cycles. The
bath used was Fisherbrand™ (Fisher Scientific SL. Madrid, Spain).

2.2. Sample Visualization under Scanning Electron Microscopy (SEM)

The specimens for each group were dehydrated, mounted on aluminum stubs, and
then gold-sputter coated by the Polaron Range SC7640 Sputter Coater (Quorum Technolo-
gies LTD, Ashford, Kent, UK). Scanning electron microscopy (SEM) (Hitachi S-4800, Hitachi
High-Technologies Corporation, Japan) was used to assess the marginal adaptation of
the RLC to the cavity walls. SEM was set on 10 kV for both magnifications (100× and
1000×). At 100×, the interface between the restorative material and dentin was observed
along all cavity walls (coronal, axial, and cervical). At any point where interfacial gap
was visible on each wall, the image was magnified and the maximum maladaptation at
1000× was measured in µm (Figure 2). The measurement was performed from the surface



Appl. Sci. 2023, 13, 991 5 of 10

of the material to the surface of dentin, using the SEM visualization software, as shown
in Figure 2c.
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Figure 2. Representative SEM images of the samples. Images at 100× magnification with interfacial
gap (a) and without interfacial gap (b), and image at 1000× magnification measuring the maximum
interfacial gap (c). Scale bar: the distance between two points represents 50 µm in panels a and b
(magnification ×100), and 5 µm in figure c (magnification ×1000).

2.3. Statistical Analysis

The interfacial gap values for each wall and cavity, measured in micrometers (µm),
did not follow a normal distribution (Kolmogorov–Smirnov). The mismatch values,
as a function of the dentin conditioning system for each wall, were compared using
the Kruskal–Wallis test. Two-by-two comparisons were made with the non-parametric
Dunn’s test. The Mann–Whitney U test was used to compare the interfacial gap values in
the mesial and distal cavities of each molar sample, one of which had been treated with
SDF/KI. The percentage of samples with interfacial gap in each subgroup was compared
by means of χ2 test. SPSS 25.0 statistical package (IBM Inc., Chicago, IL, USA) was used for
the analysis. A significance level of α = 0.05 was used in the calculations.

3. Results
3.1. Influence of SDF/KI in RLC Adaptation

In all samples in which no dentin conditioning procedure was used, regardless of
whether SDF/KI was applied or not, a gap between GIC and the cavity walls was observed.
In the samples in which PA was used, gaps were observed in 80% of the samples in which
SDF/KI was not used, and in 90% of those in which it was used (p = 0.237). In the samples
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in which dentin was conditioned with OPA, gaps were observed in 77.8% of the samples
in which SDF/KI was used and in 62.5% of those in which it was not used (p = 0.21). No
significant differences were found in the global percentage of samples with gaps with
regards to the dentin conditioning system (p > 0.05). According to these results, the null
hypothesis could not be rejected.

Table 3 shows the mean, standard deviation, median, and interquartile range for the
interfacial gap values in each study subgroup. The gap in the cavities in which SDF/KI
was used were similar to those in the cavities in which it was not used. In the coronal wall
the OPA + GIC subgroup showed a significantly lower gap than the OPA + SDF/KI + GIC
subgroup (p < 0.05). The same was observed for the total interfacial gap. In the axial wall,
the SDF/KI + GIC subgroup showed a significantly lower mismatch than the GIC subgroup
(p < 0.05). In all subgroups the lowest median interfacial gap values were found in the axial
and cervical walls.

Table 3. Interfacial gap values in µm.

Median IQR Mean SD p

Coronal

GIC 25.30 37.95 32.26 22.44
0.72

SDF/KI + GIC 34.25 54.17 43.04 34.23

PA + GIC 52.50 68.05 58.04 44.03
0.11

PA + SDF/KI + GIC 40.10 26.85 41.99 32.27

OPA + GIC 00.00 24.58 8.95 14.05
0.04

OPA + SDF/KI + GIC 63.50 103.2 57.59 54.91

Axial

GIC 29.10 14.70 34.17 17.09
0.04

SDF/kI + GIC 04.93 32.37 21.70 37.19

PA + GIC 00.00 36.70 15.58 20.05
0.35

PA + SDF/KI + GIC 12.50 50.30 37.54 57.77

OPA + GIC 00.00 00.00 03.25 09.19
0.42

OPA + SDF/KI + GIC 00.00 110.7 42.04 59.94

Cervical

GIC 19.30 15.71 16.19 08.56
0.63

SDF/kI + GIC 07.38 51.87 29.05 41.15

PA + GIC 00.00 34.15 12.14 18.39
0.84

PA + SDF/kI + GIC 00.00 83.20 28.76 43.25

OPA + GIC 00.00 19.22 8.20 11.61
0.37

OPA + SDF/kI + GIC 00.00 99.50 40.34 58.05

Total

GIC 21.44 20.42 27.15 12.70
0.54

SDF/KI + GIC 18.47 43.02 31.26 30.37

PA + GIC 37.40 31.00 28.59 17.70
0.66

PA + SDF/KI + GIC 29.46 33.02 36.10 36.73

OPA + GIC 04.70 13.82 06.80 07.61
0.04

OPA + SDF/KI + GIC 46.00 80.18 46.66 42.15

3.2. Comparison between Groups

In Figure 3a, it can be observed that, in the coronal wall, the OPA + GIC subgroup
showed a significantly lower interfacial gap than the rest of the subgroups. In the axial wall,
the interfacial gap was significantly lower in subgroups in which dentin conditioning with
PA or with OPA was used, and in the SDF/KI + GIC subgroup, than in the GIC subgroup
(Figure 3b). In the cervical wall from the subgroup in which the dentin was conditioned
with OPA, significantly less interfacial gap was found than in GIC subgroup (Figure 3c).
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Finally, when comparing the mean gap in all the walls, the OPA + GIC subgroup again
showed lower gap values than the rest of the subgroups (Figure 3d).
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4. Discussion

GICs are suitable materials for restorative procedures where there are no substan-
tial mechanical requirements, with a highlighted application in “atraumatic restorative
techniques” (ART) and in minimally invasive restorative procedures [21]. The current
paradigm for the treatment of dental caries involves the approach form a biological
perspective, involving the use of therapies based on the application of fluorides, cal-
cium, phosphates, or other bioactive components. The surgical–restorative approach is
reserved for deep cavitated lesions, following the criteria of the selective removal of carious
dentin in combination with the use of materials with remineralizing, restorative, and/or
bioinductive potential [22].

Although some studies show that RMGICs are less biocompatible than conventional
ionomers [23], others claim that the pulpal inflammatory response and odontoblastic
changes produced are similar to those produced by conventional GICs [7].

The adaptation of the restorative material to the cavity walls is essential for a correct
sealing of the interface between the material and the substrate to avoid microleakage.
Therefore, the study of the adaptation of the material to the cavity walls is an adequate
criterion to evaluate interfacial sealing. The use of SEM makes it possible to evaluate
the adaptation of the material around the entire perimeter and to accurately measure the
possible presence of gaps [5,24]. One drawback is the possible removal of the material
from the cavity walls caused by the drying of the samples and the vacuum of the SEM.
However, direct scanning of the samples was selected in this study because indirect epoxy
resin replicas showed some disadvantages, such as time consumption. It is also more likely
that areas with excess resin or voids will remain. Furthermore, even when specimens can
be replicated to preserve fidelity or to withstand the SEM vacuum conditions, it is difficult
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to determine the extent to which the structures of interest have been masked or altered by
the preparation or replication process [25].

In this study, we aimed to evaluate the adaptation of a high-viscosity RMGIC to cavity
walls with different dentin conditioning systems followed by the use or absence of SDF/KI.
For this purpose, Riva Light Cure® was used. This material replaces dentine and chemically
bonds to the tooth. Accordingly, following the manufacturer’s recommendations, no
etching or bonding is required. In addition, since it is a high-density material, it can be
used in restorations that need to support load [20].

A study that evaluated the interface between Riva Light Cure® and dentin treated
with different conditioning systems found that etching with 37% OPA for 5 s or with PA
for 10 s reported the presence of resin tags inside the dentin tubules, while when GIC was
applied without prior conditioning, an empty interface was found between the restorative
material and the dentin [6]. In the present study, it was decided to use these same dentin
conditioning times and systems. It should be noted that, although interfacial gaps were
found in all samples regardless of the conditioning system used, when OPA was used for
5 s, the gaps were significantly lower in all walls (p < 0.05). This is probably due to the
infiltration of the resin component of Riva Light Cure® into the partially demineralized
dentin. This short treatment time allows partial demineralization without a significant
loss of calcium ions that could negatively affect the ionic bonding of the material to the
dentin substrate [10].

Tanumiharja et al. [9] evaluated the adaptation of conventional GICs and RMGICs
with and without prior conditioning with PA, finding similar adaptation with the two types
of GICs with and without conditioning. However, they were able to identify hybridization
areas when PA was used. In the present study, conditioning with PA alone significantly
improved adaptation in the axial wall (p < 0.05).

The RMGIC had a thermal expansion coefficient of 25.4 × 10 ◦C, which was quite
high compared with the tooth structure. Therefore, after thermocycling, there were slight
changes in marginal adaptation [26]. The samples in this study were subjected to thermo-
cycling to simulate oral cavity conditions, although our samples exposed cavity walls that
are not exposed under physiological conditions. This may have influenced our results,
constituting a limitation of this study.

This study aimed to evaluate the effect of SDF/KI on the adaptation of Riva Light
Cure® to dentin followed or not by conditioning with 10 s of PA or 5 s or OPA. Other authors
have evaluated the influence of SDF/KI on the bond strength of restorative materials
to enamel and dentin. A systematic review and meta-analysis [27] concluded that pre-
application of SDF/KI does not alter the adhesion of GICs, and even improves adhesion [28].
The results obtained in this study indicate that SDF/KI did not cause significant changes
in the presence of interfacial gaps (p > 0.05) independently of the dentin conditioning
procedure. Even in the subgroup without conditioning, a significantly higher adaptation
was found with SDF/KI in the axial wall (p < 0.05). These results agree with a recent
meta-analysis performed by Fröhlich et al. [12], in which it was found that the adhesion
of GICs to SDF/KI-treated dentin did not differ significantly from untreated dentin, even
improving in some cases, which could be explained by the chemical adhesion that GICs
exhibit with the dentin substrate. In this meta-analysis, no difference was found in GIC
adhesion with or without dentin rinsing after SDF/KI placement, as is the case when dentin
bonding systems are used. The study by François et al. showed that the interface between
a GIC and healthy dentin was not affected by the use of SDF/KI [29].

Lastly, it should be highlighted that SDF was used with a double layer of KI to reduce
the dark staining caused by silver. According to the literature reviewed, KI does not seem
to influence GICs adaptation [21].

The cavities were cut in half in order to have a sample that could be visualized on
SEM once prepared, so as not to disturb the interface between the GIC and the dentine wall.
On the other hand, we had samples with identical characteristics in the SDF/KI and non-
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SDF/KI subgroups. Although this could be a limitation, as it does not reproduce the clinical
situation, we believe that it could allow a better assessment of the interface adaptation.

5. Conclusions

According to the results of the present in vitro study, the use of SDF/KI did not affect
the Riva Light Cure® adaptation to the cavity walls. The size of gap was higher when
SDF/KI was followed by dentin conditioning with OPA. The gap size in the SDF/KI
was not affected by the post conditioning with PA. In the axial wall SDF/KI improves
adaptation when used without any conditioner. Thus, from a practical point of view, the
use of SDF/KI does not interfere with the adaptation of the glass ionomer to the cavity
walls. Subsequent use of a conditioner does not improve the adaptation of the material to
the cavity walls.
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