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Abstract

Objectives The aim of this study was to evaluate the microhardness of caries-affected dentin and color stability of teeth
restored after treatments with silver diamine fluoride (SDF) associated to potassium iodide (KI) and Biosilicate.

Material and methods Different samples from bovine teeth were obtained. For color readings, 80 cavities
(6 mm X6 mm X2 mm) were prepared, and for microhardness, teeth were flattened into dentine to obtain 40 samples. All
samples were submitted to cariogenic challenge and separated in 4 groups, according to the treatment used: 12% SDF +KI;
38% SDF; Biosilicate and control (no treatment). Cavities were restored with resin-modified glass-ionomer cement (RMGIC,
Vitremer, 3 M ESPE) or composite resin (CR, Z350, 3 M ESPE). After restoration, the samples were submitted to thermo-
mechanical cycling (TMC) for 1,200,000 cycles. Color readings (EasyShade, Vita) were performed after restorations, after
TMC, and 30 days after TMC. Knoop microhardness was evaluated on the planned samples before and after cariogenic
challenge, after treatments, and after 30 days. Scanning electron microscopy (SEM) evaluated the dentine surface after treat-
ments. Data were analyzed (ANOVA, Bonferroni, p <.05).

Results The results showed a higher color alteration for RMGIC than CR. The time of analysis was significant (p <.05) for
the 12% SDF + KI and control group. There was no difference (p <.05) in microhardness between groups. However, there
was evidence of dentin remineralization after treatments.

Conclusions It was concluded that the samples treated with Biosilicate resulted in a color alteration similar to control. The
treatments presented dentin remineralizing potential for microhardness, below the demineralization level, caused by the
cariogenic challenge.

Clinical relevance Considering the remineralizing potential presented by Biosilicate, this agent is a promising alternative
that overcomes the SDF adverse effects such as tooth staining.
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Introduction

Dental caries are characterized by demineralization of the
dental tissue and progressive degradation of the organic
structure [1]. Different treatments such as topical fluoride
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application, sealants, and silver diamine fluoride (SDF) have
been used in caries control [2, 3].

SDF is a transparent and odorless solution with pH
close to 10, available in different concentrations, and pre-
sents antimicrobial and remineralizing activity [4, 5]. Its
chemical composition is based on silver ions, fluoride,
and ammonium, the latter the stabilizing agent [5]. The
SDF’s antimicrobial activity is mainly attributed to the
silver ions [5], and its remineralizing effect occurs through
the formation of calcium fluoride and fluorapatite depos-
its. Also, the collagen degradation is inhibited by fluoride
[4-6]. Those characteristics make SDF more effective in
the control of caries lesions. This agent is considered an
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accessible, efficient, and safe treatment option, still, its
use is following the minimally invasive dentistry approach
[7]. Despite its benefits and applicability, SDF adverse
effects still compromise patients’ treatment acceptance.
SDF causes dark staining on dental tissue, and this adverse
effect is considered the most limiting one regarding patient
acceptability [2, 8].

Permanent tooth staining with a black color happens
due to the precipitation of silver ions over the demineral-
ized dental surface. These silver ions precipitate as Ag>S
and react with the organic material, leaving a stain that can
be evident depending on the location of the carious lesion
[9]. To reduce this drawback, potassium iodide (KI) was
proposed after SDF application [8]. KI reacts with the free
silver ions in SDF and forms a yellow silver iodide (AgI)
precipitate insoluble in water, preventing black staining of
teeth [2, 9, 10].

Besides using cariostatic solutions, other therapies with
remineralizing agents have been researched. Bioactive
glass—ceramics, such as Biosilicate, have shown promising
results. Studies demonstrate that this crystallized bioactive
glass—ceramic can form hydroxycarbonate apatite (HCA) on
mineralized tissues [11]. In contact with dentin, Biosilicate
dissolves, releasing calcium and phosphate ions, elevating
the pH, and favoring the dental remineralization process
[11].

It is important to explore and study the different treatment
options available, focusing on minimally invasive dentistry
(MID). The MID concept endorses the selective removal of
caries tissue, removing only the caries-infected dentin and
leaving the caries-affected dentin treated with remineraliz-
ing agents. Then the remaining tooth structure is restored
with the most appropriate restorative material for each case
[12]. The glass-ionomer cement (GIC) is commonly used
for its antibacterial activity and adhesiveness to the tooth
structure [13].

To improve the esthetics, physical, and mechanical prop-
erties of GIC, resin-modified glass-ionomer cement was
developed. The incorporation of methacrylate components
to the polyacrylic acid allows the initial setting reaction to
being initiated by light activation, decreasing the setting
time [14]. Nevertheless, another restorative material avail-
able with good esthetical characteristics is the composite
resin (CR). CR is the most used restorative material and
has better color stability and wear resistance than GIC [15].

Within this context, the aim of this study was to evaluate
the color stability and microhardness alteration of caries-
affected dentin treated with different SDF solutions (12%
and 38%) associated with KI and Biosilicate, restored with
RMGIC or CR. The first hypothesis tested was that caries-
affected dentin treated with SDF would present higher color
alteration than those treated with Biosilicate, regardless of
the association with KI. The second hypothesis was that
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there would not be any difference in dentin microhardness,
regardless of the treatment used.

Materials and methods

The materials used are presented in Table 1. This study was
divided into two analyses: color and microhardness altera-
tions. Figure 1 summarizes the methodology of the study.
The sample size was calculated based on a pilot study, com-
paring means and using www.openepi.com, with a 95% con-
fidence interval and power of 80%.

To perform the microhardness readings, bovine teeth
fragments with 6 mm X 6 mm X2 mm were used, and for
the color readings, cavities were prepared and restored on
the buccal surface of the bovine teeth selected. For that,
100 bovine incisor teeth were selected and stored in distilled
water. For standardization purposes, initial color readings
were performed on all selected teeth using a spectrophotom-
eter (EasyShade, VITA Zahnfabrik, BadSckingen, Germany)
in a way that the L* values varied between a range of 87
to 93, a* coordinate between 0 and 1, and b* coordinate
between 8 and 30. Teeth that presented color values outside
this range in any coordinate were discarded.

Sample preparation

For the color readings, 80 bovine teeth were used. Cavities
were prepared on the buccal surfaces (6-mm length, 6-mm
width, and 2-mm depth) using no. 1343 diamond burs (KG
Sorensen®, Cotia, SP, Brazil) and a high-speed handpiece,
guided by a customized device to standardize the depth of
the cavity preparations. After that, the cavities were cleaned,
and the teeth were embedded in wax in PVC tubes. Then,
they were cut 2 mm above and below the cavity’s edges
using a low-speed diamond saw under water cooling (Isomet
1000, Isomet, Buehler).

Other samples (without cavity preparation) were prepared
for the microhardness analysis. Twenty sound bovine teeth
were selected, and the buccal surfaces were cut into 40 frag-
ments (6 mm X6 mm X2 mm) using a low-speed diamond
saw under water cooling (Isomet 1000, Isomet, Buehler,
Lake Bluff, IL, USA). The dentin surface was flattened and
polished with SiC abrasive papers (220-, 360-, and 600-grit)
under refrigeration to standardize the fragments’ thickness.

Cariogenic challenge

All the specimens (fragments and cavities) were submit-
ted to the cariogenic challenge. For that, all the surfaces
of the fragments and cavitated samples, except the dentin,
were protected with acid-resistant nail-varnish (Colorama,
L’Oréal Brazil, Rio de Janeiro, RJ, Brazil) and adhesive
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Table 1 Materials used

Material Brand

Composition

Manufacturer

12% silver diamine fluoride + 10% Cariestop 12%

potassium iodide
38% silver diamine fluoride Riva Star

Biosilicate glass—ceramic Biosilicate

Resin-modified glass-ionomer cement Vitremer

Adhesive system Single Bond Universal

Composite resin Filtek Z350

Hydrofluoric acid, silver nitrate, ammonia
hydroxide, and deionized water

Silver, fluoride, ammonium hydroxide,
potassium iodide, and water

23.75Na20-23.75Ca0-8.5S102-4P205
(4 um), 100% crystallized

Powder: fluoroaluminosilicate glass,
microencapsulated potassium persulfate,
ascorbic acid, and pigments

Liquid: aqueous solution of polycarboxylic
acid modified with pendant methacrylate
groups, copolymers, water, HEMA, and
photoinitiators

Primer: polycarboxylate acid copolymers,
HEMA, ethanol, and photoinitiators

Finishing gloss: Bis-GMA and TEGDMA

Phosphate monomer MDP, dimethacrylate
resins, HEMA, methacrylate-modified
polyacrylic acid copolymer, particles,
ethanol, water, initiators, and silane

Bis-GMA, Bis-EMA, UDMA, TEGDMA,
silica particles (20 nm), zirconia particles
(4 to 11 nm), and zirconia/silica aggregate
particles

Biodinamica, Ipibora, PR, Brazil

SDI, Baywater, Victoria, Australia

Vitrovita, Sdo Carlos, SP, Brazil

3 M ESPE, St. Paul, MN, EUA

3 M ESPE, St. Paul, MN, EUA

3 M ESPE, St. Paul, MN, EUA
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Fig. 1 Flow diagram showing how the study was conducted. SDF, silver diamine fluoride; Bio, Biosilicate; KI, potassium iodide; TMC, thermo-

mechanical cycling
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tape (Duct Tape, Shurtape Technologies, LLC, Avon Ohio,
USA), respectively. Then, they were fixed in the bottom of a
vial and covered with 1.5 mL of 6% carboxymethylcellulose
demineralizing gel at a pH 5.0 and stored at 4 °C for 12 h
[16]. Subsequently, 1.5 mL of 0.1 M lactic acid (pH=5.0)
adjusted with 10 M NaOH was poured over the specimens,
which were incubated for 14 days at 37 °C [16]. At the end
of the cycle, they were rinsed with distilled water and dried
with absorbent paper.

The fragments were then stored in Eppendorf tubes with
distilled water, and the cavitated samples were embedded in
self-polymerizing acrylic resin in PVC tubes and then stored
in distilled water.

Treatments

After the cariogenic challenge, the infected dentin was
manually removed with an excavator (SSWhite Duflex, Juiz
de Fora, MG, Brazil). The removal was completed when
hard tissue (affected dentin), resistant to the penetration, was
detected with the exploratory probe. The specimens (frag-
ments and cavitated samples) were separated into groups
according to the treatment received, as described below.

12% SDF + KI group: the specimens were treated with
12% SDF (Cariestop, Biodindmica, PR, Brazil) followed by
10% KI (Farmacia Liane, Rabeiro Preto, SP, Brazil). One
drop of SDF was applied over each specimen with a micro-
brush for 2 min. Then, a drop of KI solution was applied for
1 min; a second drop was applied; the specimens were rinsed
with distilled water and dried with absorbent paper.

38% SDF group: 38% SDF (Riva Star, SDI, Victoria,
Australia) was applied according to the manufacturer’s
guidelines. The product is a 2-step bottle kit, containing SDF
in bottle 1 and KI in bottle 2. So first, a drop of the bottle 1
was applied for 1 min using a microbrush, and then, a drop
of bottle 2 was applied, also for 1 min. A second application
of bottle 2 was made, and the specimens were rinsed and
dried with absorbent paper.

Bio group: Biosilicate was mixed in distilled water,
obtaining a 10% suspension applied actively on the dentin
surface for 1 min. The specimens were then rinsed and dried
with air.

Control group: there was no previous dentin treatment.

Restorations and thermo mechanical cycling

After treatments, only the groups with cavitated samples
(prepared for the analysis of the color) were subdivided
according to the restorative material used: resin-modified
glass-ionomer cement-RMGIC (Vitremer, 3 M ESPE Dental
Products, St. Paul, MN, USA) or composite resin-CR (2350,
3 M ESPE Dental Products, St. Paul, MN, USA).
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For the cavitated samples restored with RMGIC, initially,
the primer was applied with a microbrush for 30 s, dried with
air, and light-cured for 20 s (FLASHIite 1401, Discus Dental,
Culver City, CA, USA). After that, the cement was mixed fol-
lowing the manufacturer’s guideline, the cavity was filled in
one increment, and the cement was polymerized for 40 s. A
final glaze layer was applied and polymerized for 20 s.

For the cavitated samples restored with CR, an adhesive
system (Single Bond Universal, 3 M ESPE, St. Paul, MN,
USA) was applied in self-etch mode and light-activated for
10 s. The cavities were restored following the incremental
technique and polymerized for 20 s. All the samples were
stored in artificial saliva at 37 °C for 24 h and then submitted
to thermo mechanical cycling (TMC).

The thermo mechanical cycling (ER 37,000, Erios Equi-
pamentos Técnicos e Cientificos Ltda, Sdo Paulo, Brazil) was
used to simulate the oral environment and the mechanical load
applied on the restorations during mastication. The samples
were cycled with a load of 133 N, for 1,200,000 cycles (equiv-
alent to 5 years of masticatory force) [17], at a 1.3 Hz of fre-
quency, with varying temperatures of 5 °C, 37 °C, and 55 °C.

Color stability

Color readings were performed on the restored samples, and
for that, a spectrophotometer (VITA Zahnfabrik, BadSckingen,
Germany) was used. This equipment emits light that is trans-
mitted through optical fibers. Then, the light is reflected and
processed as color coordinates according to the CIE L*a*b*
system, recommended by CIE (Commission Internationale de
I’Eclairage). The CIE L*a*b* system identifies color as car-
tesian color coordinates, where the L* axis gives the lightness
with values from 0 (black) to 100 (white), a* and b* represent
the hue axis varying from — 80 to+ 80; a* representing the
green—red axis and b*, the blue-yellow one.

For the color readings, all the samples were placed over a
white background (White Standard Sphere for 45°, 0° Reflec-
tance and Color Gardner Laboratory, Germany) and inside
a standardized lightbox (CL6i-45S, T&M INSTRUMENTS,
Sao Paulo, SP, Brazil) with D65 illuminant, simulating the
light spectrum of the day. The spectrophotometer’s tip was
positioned perpendicular to the surface of the restoration.
Three readings were performed for each sample, and the
mean was considered as the color coordinates of the sam-
ple. Readings were done right after the restoration, after the
thermo mechanical cycling, and 30 days after the thermo
mechanical cycling.

The color alteration was calculated using the Ay, formula
as follows:

N2 N ;N2 , . 05
AE. = AL + AC + AH IR AC AH
0 KLSL KCS(f KHSH ‘ K(‘SC KHSH
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where AL', AC’, and AH' are the differences in lightness,
chroma, and hue, respectively, between two measures, and
RT (rotation function) is a function that accounts for the
interaction between chroma and hue differences in the blue
region. S;, S., and Sy are the weighting functions for the
lightness, chroma, and hue components, respectively; and
K;, K, and Ky, are the parametric factors according to dif-
ferent viewing parameters that were set to 1 [18].

Knoop microhardness

The microhardness alteration was evaluated on the frag-
ments (6 mm X 6 mm X2 mm), before and after the cari-
ogenic challenge, after the treatments, and 30 days after the
treatments. For that, a microhardness tester (Micro Hardness
Tester HM V-2, Shimadzu®, Tokyo, Japan) was used, with
a pyramid-shaped diamond indenter set to a load of 10 g for
5 s. The largest diagonal of the indention was measured, and
the value was applied on the following formula:

KHN = 1.451F/d*

Where KHN is Knoop microhardness value, F is the applied
load (10 g), and d is the length of the largest indention
diagonal.

For each sample, at each time of reading, three measures
were performed: a central, | mm to the left, and 1 mm to the
right. The mean was considered as the Knoop microhardness
value. The relative microhardness alteration was calculated
using the formula:

AKHN = KHN; — KHN; x 100/KHN,

where AKHN is the relative microhardness alteration value,
KHN; is the initial microhardness value, and KHNﬁ the final
one.

Scanning electron microscopy (SEM)

The samples were analyzed under SEM (EVO MA10, Carl
Zeiss Microscopy GmbH, Jena, Germany) to characterize
the surface morphology. Two restored teeth per group were
cut in a mesiodistal direction through the center of each res-
toration using a low-speed diamond saw under water cooling

(Isomet 1000, Isomet, Buehler, Lake Bluff, IL, USA), and
the adhesive interfaces were analyzed.

For that, the fragments were dehydrated for 24 h using a desic-
cator with silica gel, fixed in aluminum stubs (Electron Micros-
copy Sciences, Washington, USA), sputter-coated with gold—pal-
ladium alloy (Bal-Tec, model SCD 050 sputter coater, Balzers,
Liechtenstein) and observed at 1000, 2000, and 3000 X mag-
nifications (20 kV, 30 mm WD and spot size 28 mm) [19].

Statistical analysis

The AE, and relative microhardness values were analyzed with
the Shapiro—Wilk test, with a 95% significance level, and con-
sidered within a normal distribution. Thus, AE,, values were
analyzed by 3-way ANOVA with repeated measures (variation
factors: restorative material, time of analysis, and treatment)
and the relative microhardness values using 2-way ANOVA
with repeated measures (variation factors: treatment and time
of analysis). Both tests were done with a 95% significance level.

Results

The color alteration (AE,)) values are described in Table 2
and Fig. 2. Table 2 shows the comparison within the same
restorative material, and the figure demonstrates the com-
parison between materials.

Among the samples restored with CR, the control group
presented the highest color alteration, regardless of the
time of analysis. After TMC, the control group was dif-
ferent (p <0.05) from 38% SDF group; and 30 days after
TMC, was different (p <0.05) from Bio and 12% SDF + KI
groups. Comparing the time of analysis for each treatment,
an increase (p < 0.05) in color alteration was found for 38%
SDF and control groups 30 days after TMC.

Among the samples restored with RMGIC, after TMC,
the highest alteration occurred for 38% SDF group, different
from the other groups (p <0.05). Thirty days after TMC,
the control group demonstrated the highest change different
(» <0.05) from Bio group. Comparing the time of analysis,
12% SDF +KI and control groups presented higher values
(» <0.05) 30 days after TMC than immediately after TMC.

Table 2 AE, comparison

L ; 12% SDF+KI  38% SDF Bio Control
within the same restorative
material Composite resin ~ After TMC 1.49 (0.7) abA  0.86 (0.5) aA 1.44 (0.8) abA  2.18 (0.8) bA
30 days after TMC 1.85(0.7)aA  2.85(1.4)abB 2.28 (0.6)aA  3.60 (1.3) bB
RMGIC After TMC 261 (1.1)aA 561 (1.8)bA  343(0.8)aA 3.21(1.2)aA
30 days after TMC 4.72 (1.7) abB  5.14 (1.8) abA 3.75(0.9)aA  5.51(1.8) bB

For each restorative material, different letters, upper case on the columns, and lower case on the rows indi-
cate statistically significant difference (p <.05)
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Fig.2 Color alteration com-
parison between the tested 0.0002

0.0099

restorative materials (RMGIC

<0.0001

and CR). Lines connecting bars
indicate statistically significant
difference (p <.05)

Delta E (CIEDE00)

After TMC

The color alteration values were compared among the
restorative materials within the same time of analysis
(Fig. 2). After TMC, the samples restored with RMGIC pre-
sented higher color alteration than the ones restored with CR
(p <0.05) when treated with 38% SDF and Bio. Thirty days
after TMC, all the samples restored with both RMGIC and
CR presented differences (p <0.05) between them, except
when they were treated with Bio, with higher values for the
samples restored with RMGIC.

Figure 3 compares the AL*, Aa*, and Ab* immediately
after and 30 days after TMC. All the groups presented negative
alterations in AL*, regardless of the time of analysis, indicat-
ing the darkening of the samples. All the groups showed high
alteration 30 days after TMC, except for 12% SDF + KI+CR,
Bio+RMGIC, and 38% SDF+RMGIC groups.

Both control groups (RMGIC and CR) and Bio + RMGIC
group presented an increase in Aa* 30 days after TMC,
showing a decrease in red chroma. For all the other groups,
Aa* values were stable. In addition, all the groups revealed
an increase in Ab*, except for 38% SDF + CR and Bio+CR,
indicating an increased saturation of the yellow chroma.

The relative microhardness values are shown in Table 3.
The microhardness alterations (after the cariogenic challenge,

Delta L

After TMC 30 days after TMC After TMC

0 038
06
04
02

0,2
0,4
0,6
0,8

I
0.0014 ‘

Il 12% SDF+KI

<0.0001 ‘

[ 38% SDF

£33 Bio

Control

RmMGIC 2350 civ

After 30 days of TMC

after the treatments, and 30 days after the treatments) are
related to the initial microhardness values. The remineralizing
potentials (initial and after 30 days) are related to the micro-
hardness values obtained after the cariogenic challenge. There
was no difference among the groups at any time of analysis,
except in the initial remineralizing potential, where the control
group presented a difference from the other groups.

After the cariogenic challenge, there was a decrease in the
microhardness for all the groups. Negative values show that
the treatments were not able to increase the microhardness
to values similar to the sound dentin. The microhardness
values were similar (p > 0.05) after the cariogenic challenge,
immediately after the treatments, and 30 days after them.
However, for the remineralization potential values there was
difference (p < 0.05) from all other times of analysis, regard-
less of the treatment employed. Regarding the remineral-
izing potential, control group showed difference to all other
groups (p <0.05) for the initial remineralizing potential.

Representative SEM images are shown in Fig. 4. In gen-
eral, the samples treated with RMGIC (Fig. 4B, D, F, H)
demonstrated greater interaction with the dentin than those
restored with CR, regardless of the treatment performed.
The samples restored with CR (Fig. 4A, C, E, and G)

Delta A

Delta B
30 days after TMC

After TMC 30 days after TMC

8 12

==12% SDF+KI+CR ==12%SDF+KI+RMGIC 38%SDF+CR

=—38%SDF+RMGIC

)
|

==Bio+CR Bio+RMGIC =—CR =—RMGIC

Fig.3 AL, AA, and AB comparison immediately after and 30 days after TMC
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Table 3 Relative microhardness comparison for the tested groups
12% SDF +KI 38% SDF Bio Control

After cariogenic challenge —179.51 (5.8) aA —178.61 (5.6) aA —76.01 (8.7) aA —77.68 (7.3) aA
After treatment —-69.81 (10.2) aA —68.79 (9.7) aA —68.60 (8.9) aA —717.67 (8.7) aA
30 days after treatment —64.04 (10.6) aA —66.34 (9.3) aA —62.02 (9.8) aA —76.32 (7.5) aA
Initial remineralizing potential 56.45 (33.2) aB 47.25 (31.5) aB 39.99 (42.4) aB —1.01 (13.1) bB
Remineralizing potential after 30 days 77.6 (40.3) aB 58.6 (23.6) aB 76.8 (91.3) aC 7.42 (15.9) aB

Different letters, upper case on the columns, and lower case on the rows indicate statistically significant difference (p <.05)

presented a thin hybrid layer when treated with Biosilicate
and under control conditions. Nonetheless, it was absent
when the samples were treated with SDF, regardless of the
concentration used. Irrespective of the restorative material,
the dentin demonstrated a different appearance when treated
with Biosilicate, more similar to the control group, while
the dentin treated with SDF seemed more disorganized.

Restorations in dentin treated with SDF were detached
from the tooth surface, resembling adhesive fractures and
demonstrating poor adhesion to the substrate, regardless of
the restorative material employed. The same was seen in the
untreated samples restored with RMGIC, however, appearing
mixed fractures.

Discussion

This study evaluated the color stability and microhardness
of caries-affected dentin treated with SDF and Biosilicate,
restored with composite resin or resin-modified glass-
ionomer cement. The study had two hypotheses: that the
SDF treatments would cause higher color alteration than

Biosilicate and that there would be no difference in the micro-
hardness of the dentin, regardless of the treatment employed.
The first hypothesis was rejected since there was no differ-
ence in the color stability between the groups, irrespective
of the treatment used, except for the group treated with 38%
SDF and restored with RMGIC that presented higher values
than the one treated with Biosilicate. The second hypothesis
was accepted because although the microhardness of the
dentin decreased after the cariogenic challenge, there was
no significant difference between the proposed treatments.

SDF is an agent used for caries prevention and treatment
and is found in different concentrations: 12%, 30%, and 38%.
SDF at a concentration of 38% has been described as the
most effective one [20]. The fluoride present in this product
increases the resistance of dental tissue to the acid attack
produced by the bacterial metabolism [4], decreasing its
solubility. Most studies demonstrate higher efficiency for
38% SDF than for other concentrations. However, Braga
et al. [21] reported positive results with 12% SDF. Thus,
in the present study, both concentrations were used, mostly
because of the increasing concerns about the effect of high
fluoride concentrations in children [22].

SEM
RMGIC, resin-modified glass-ionomer cement; D, dentin. A 12%
SDF+KI+CR. B 12% SDF+KI+RMGIC. C 38% SDF+CR. D

Fig.4 Representative images. CR, composite resin;

38% SDF +RMGIC. E BIO +CR. F BIO+RMGIC. G Control + CR.
H Control + RMGIC. 2000 x
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Despite its efficacy, the greatest disadvantage of SDF
is the color alteration caused by the precipitation of silver
phosphate and silver sulfate on the substrate [23]. The dark-
ening effect can impair the patient’s and parents’ acceptance
of SDF treatment [24]. To reduce this adverse effect, Knight
et al. [25] proposed potassium iodide salt as an additional
treatment for dental surfaces treated with SDF. Potassium
iodide (KI) reacts with the remaining silver ions producing
silver iodide, a yellow precipitate, preventing the formation
of silver phosphate, and decreasing the dental staining [8,
25]. Considering the results found in the literature regarding
color alteration [22, 23], the present study evaluated the two
concentrations of SDF associated with KI. Note that in the
case of 38% SDF, KI was supplied by the same manufacturer
as a second step.

Biosilicate is a crystallized bioactive glass—ceramic that
presents in its composition 23.75Na20-23.75Ca0-48.5Si0
2-4P205 (%weight) [11]. It forms hydroxycarbonate apatite
in contact with body fluids, enabling the remineralization of
hard tissues [26, 27]. Besides, many studies demonstrate its
efficacy in the remineralization of caries-affected substrates
[19, 28, 29]. The Biosilicate suspension does not produce
any color alteration. Thus, one of the hypotheses of the study
was that the substrate treated with Biosilicate would not pre-
sent any color change, different from SDF, as demonstrated
by the results found.

All the samples used for the color analysis were submitted
to thermo mechanical cycling (TMC), simulating the effect
of the masticatory forces and oral thermal stress on the res-
torations. Studies describe that the association of KI to SDF
does not present a long-term effect, showing color altera-
tion over time [30, 31]. Thus, TMC was used to evaluate
this long-term alteration and the color readings performed
30 days after TMC.

The time of analysis was significant for the samples
treated with 38% SDF and control group restored with com-
posite resin and for the ones treated with 12% SDF + KI, and
control group restored with RMGIC, with higher alteration
30 days after TMC. The different concentrations (12% and
38%) were not different regarding color alteration, similar
to the results found by Patel et al. [23], except for the ones
restored with RMGIC after TMC.

The TMC used in the present study simulated 5 years of
clinical use [17]. Therefore, the proposed treatments can be
evaluated as a long-term treatments. After TMC, the results
from the 38% SDF group restored with CR were lower than
those found for the control group. Thus, the color alteration
in these groups could not be due to the precipitation of silver
ions. However, 30 days after TMC, there was an increase in
color alteration compared to those immediately after TMC.

This can be justified by the formation of silver iodide
after applying KI, which is highly photosensitive and can
dissociate into silver and iodide by exposure to light [32].

@ Springer

Regarding the 38% SDF group restored with RMGIC,
higher color alteration happened immediately after TMC
than 30 days after TMC. In that case, the photosensitivity
of silver iodide may have caused this alteration since the
reaction after exposure to light can be immediately after the
treatment [2].

The color readings were performed using a device that
emits light and quantifies the reflection of light in L*, a*,
and b* color coordinates. The light coming from the spec-
trophotometer could have caused dissociation of these coor-
dinates, resulting in increased color alteration 30 days after
TMC. However, it is important to highlight that the amount
of KI applied over SDF can influence this junction [9]. Thus,
an insufficient amount of iodide can lead to an excess of
silver ions, resulting in higher substrate staining [9].

The color alterations found in the control group (only
with the adhesive system) result from the color alteration
of the restorative material itself. Composite resin presents
water sorption [33], so, the presence of water in TMC could
cause color alteration. The water penetrates within the resin
polymeric chain, altering the light reflection and diffraction
in its interior [34].

Regarding the resin-modified glass-ionomer cement,
immediately after TMC, there was higher color alteration
for the group treated with 38% SDF than for all the other
groups. Thirty days after TMC, Biosilicate presented lower
color alteration than control group, but was similar to all
the other groups. RMGIC has a polymeric portion, mostly
formed by Bis-GMA and TEGDMA, thus, this material is
also susceptible to water sorption. However, immediately
after TMC, the samples restored with RMGIC presented
higher color alteration than the ones restored with compos-
ite resin, when treated with 38% SDF and Biosilicate; and
in all the groups 30 days after TMC, except for the samples
treated with Biosilicate.

Glass-ionomer is hydrophilic and has higher water sorp-
tion than composite resin, resulting in higher color altera-
tion [35]. What is more, the presence of filler content in the
composite resin contributes to the light dispersion within
the restoration [36], better simulating the natural tooth color
than glass-ionomer cement. Thus, composite resin masks
any color alteration inside the cavity and allows better color
dispersion through the filler, resulting in lower color altera-
tion than glass-ionomer cement.

It is important to highlight that, when using Biosilicate,
the restorative material employed becomes unimportant
for color alteration, as demonstrated in Fig. 2. So, regard-
less of the material, the samples treated with Biosilicate
presented the same esthetic characteristics 30 days after
TMC.

Color alteration always results from the alteration of the
color coordinates L*, a*, and b* that compose color. Thus,
it is possible to verify that the color alterations resulted from
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darkening, similar to Patel et al. [23], and yellowing of the
restorations. For the a* axis, the alterations depended on
the restorative material. Samples restored with RMGIC,
regardless of the treatment used, showed a decrease in the
red chroma immediately after TMC. In contrast, the ones
restored with CR showed a small positive alteration, result-
ing in low reddening of the restorations.

To analyze the SDF’s remineralizing efficacy, the present
study used the microhardness test and cariogenic challenge,
to simulate the dentin demineralization in the cariogenic
process. The cariogenic challenge presented similar effect
in all the groups, evidenced by the lack of statistical differ-
ence (Table 3).

The SDF can increase the microhardness and reduce min-
eral loss of dental tissues [37]. In the present study, it was
demonstrated that after the treatments, the microhardness
values from all the groups did not regress to the initial levels
(before the cariogenic challenge). However, when evaluating
the relative microhardness between the final readings (after
the treatment) and the ones after the cariogenic challenge, it
was found that all the treatments presented a positive effect
but without difference among them. Thereby demonstrating
that the treatments induced some remineralization on the
caries-affected dentin.

Remineralizing agents act in different pH levels. The flu-
oride-releasing system is efficient at low pH [38]. However,
both SDF and Biosilicate are alkaline, and their mechanisms
of action can be different in an acidic environment. The pH
of SDF is around 10, favoring the formation of fluorapatite
[4]. The fluoride shields the collagen molecules by adher-
ing to calcium binding sites. It also inhibits MMPs 2, 8,
9, and cathepsins B and K by binding to calcium and zinc
ions, which are required to activate these endogenous pro-
teases [6]. Furthermore, the alkaline pH of SDF can pre-
vent the activation of cathepsins and MMPs [39] and induce
the nucleation of apatite through the formation of covalent
bonds between phosphate ions and the collagen resulting in
the binding of calcium ions [6].

When in contact with body fluids, Biosilicate increases
the pH to 9 or 10 [11]. Thus, the reactions associated with
SDF can also occur for Biosilicate. However, the deposition
of hydroxycarbonate apatite on mineralized tissues is lower
for Biosilicate because it depends on the material aggre-
gation, followed by the formation of silanol groups and
adjacent calcium uptake [40]. Therefore, Biosilicate needs
more time to remineralize dental tissue, which can justify
the relative microhardness values found 30 days after TMC
in relation to the initial remineralizing potential (Table 3).

SDF also increases the surface hardness of demineralized
dentin [39]. Silver phosphate and silver iodide contribute
to the hardening of the surface [39] through the reaction of
silver, which is associated to the remineralization mediated
by fluoride [41]. Thus, SDF +KI is efficient to recover the

mechanical properties of the demineralized dentin surface
[37], as seen in the present study.

SDF penetrates 50-200 um into dentin, and fluoride can
penetrate the dentin more than into enamel [42]. However,
when there is silver associated, its synergic effect can be
relatively smaller [43]. Thus, in the present study, the den-
tin microhardness alteration when treated with SDF can be
justified by the silver ions deposition.

The 38% SDF has 44,800 fluoride ppm, and 12% SDF has
14,150 fluoride ppm [44]. The higher the concentration of flu-
oride, the higher the increase in microhardness [45]. Nonethe-
less, in the present study, there was no difference between 38%
SDF and 12% SDF, different from other studies that recom-
mend a higher concentration to achieve more efficiency [22].

The association of SDF and hydroxyapatite forms cal-
cium fluoride and silver phosphate in an alkaline environ-
ment [46]. Calcium fluoride acts as a fluoride reservoir,
releasing fluoride ions during the cariogenic process and
regulating the pH. In addition, hydrogen phosphate ions
(HPO,), facilitate the conversion of calcium fluoride to
fluorapatite. However, silver phosphate is easier to dissolve
than hydroxyapatite and fluorapatite. It works as a phosphate
ions reservoir making possible the conversion of the calcium
fluoride to fluorapatite [47].

SDF also presents an antibacterial effect [5], arresting
the caries progression by the biofilm modification. Silver
ions inhibit biofilm formation by inactivation and interfer-
ence with bacterial synthesis of cellular polysaccharides.
This mechanism occurs by the inactivation of the glycosyl-
transferase that is responsible for the synthesis of glucan
(the most prevalent component of the biofilm that promotes
bacterial adhesion and has high resistance to antimicrobial
treatments) [48]. Fluoride ions can also inhibit biofilm for-
mation. It binds to bacterial cell constituents and inhibits
bacterial enzymes, reducing the production of glucan.

Materials with remineralizing potential have become pop-
ular in dentistry due to the global dissemination of the mini-
mally invasive approach. The present study demonstrated
that all the proposed treatments are an option for the man-
agement of carious lesions, despite their limitations, such
as darkening of the dentin by SDF. Regarding the esthetic
outcome, Biosilicate could be a good alternative, but it needs
a longer time to promote remineralization.

Another limitation of the SDF is that the silver precipitate
on the dentin surface could occlude the dentinal tubules and
form an insoluble layer that interferes [49] with the ability of
the bonding agent to impregnate the peritubular and intra-
tubular dentin and infiltrate within the collagen matrix [50],
thus, no hybrid layer is formed (Fig. 4). As a stable bond is
not achieved, the restoration could dislocate from the tooth
structure, as seen by SEM in the samples treated with SDF,
regardless of the restorative material employed; and as also
reported by Quock et al. [49] and Van Duker et al. [51].
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It has also been observed by SEM that the samples
restored with the composite resin presented a thin hybrid
layer when treated with Biosilicate and under control con-
ditions; however, when SDF was applied, there was no
formation of this layer. Again, the silver deposition might
have impaired the penetration of the bonding agent into the
dentinal tubules and the formation of a meshwork with the
underlying collagen matrix [50]. What is more, its alkaline
pH would have hampered the etching efficacy of the acidic
monomers present in the adhesive system applied in self-
etch mode. Thus, no hybrid layer is formed [50].

Meanwhile, the Biosilicate particles employed in the pre-
sent study have a diameter of 4 um. Most of them can be
dissolved in distilled water at the time of its preparation,
but some remain on the dentin surface [19], as noted by
SEM. However, apparently, this did not interfere with the
formation of the hybrid layer, and a more organized dentin
structure was observed.

On the other hand, it was noticed a good interaction between
the RMGIC and the dentin substrate. Glass ionomer cements
present chemical and micromechanical adhesion to dentin, and
the incorporation of a polymerizable monomer 2-hydroxyethyl
methacrylate (HEMA) in RMGIC improves the bond [52].

As stated in the study, the treatments present pros and cons.
Further studies should be carried out to evaluate the effect of
these conservative treatments on the bond strength over time,
using different restorative materials and concentrations.

It is important to reassure that caries is the most common
oral disease worldwide, especially in developing countries,
where the population has less access to dentists [10]. In addi-
tion, the management of carious lesions can be very trau-
matic for the patients, which makes their dental treatment
difficult. Thereby, the search for less invasive treatments
using materials that are accessible, easy to use, and effec-
tive, are the key to make dentistry more inclusive.

One of the limitations of this study is the artificial method
of dentin caries induction used, which could not reflect the
exact in vivo color change. Caries-affected dentin obtained
by in vitro protocols attempt to reproduce caries-like lesions
in vivo protocols that are valid for the development of
research [53]. However, several factors may influence caries
progression, providing variability in the results [53]. There-
fore, caution should be exercised in interpreting the results.
The results cannot be extrapolated directly to in vivo condi-
tions. In vivo studies should be performed.

Conclusion
Based on the results found, it is concluded that the SDF

and Biosilicate can alter the color of composite resin and
resin-modified glass-ionomer cement restorations, according

@ Springer

to the material used and aging. For microhardness, there
was no difference of the treated teeth nor the remineralizing
potential of the remineralizing agents tested.
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