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ABSTRACT

Aim and Hypothesis: This In vitro study was conducted to investigate the effect of silver
diamine fluoride (SDF) on shear bond strength (SBS) of three different restorative materials
after SDF treatment on primary dentin.
Materials and Methods: Glass ionomer cement (GIC), resin-modified bioactive resin
(ACTIVA), and composite resin (CR) were tested. Thirty teeth were randomized into three
groups of 10 teeth. Each tooth was split mesiodistally and randomized into test (artificial
caries + SDF) and control (sound dentine + no SDF). The restorative material was placed,
then tested for SBS, and type of failure was recorded.
Results: All the test groups exhibited significantly lower mean SBS compared to the control
groups (CR: p = 0.001; ACTIVA: p = 0.001; GIC: p = 0.004). For the SDF group, the
comparison of materials was significant (p = 0.006), with significance between CR and
ACTIVA (p = 0.009) and ACTIVA and GIC (p = 0.020), but not CR and GIC (p = 0.950).
For the control group, Welch’s F test was statistically significant (p = 0.044), but all post-hoc
tests were not. The control CR group had only mixed failures, with a significantly greater
percentage of mixed failures than the test group (p = 0.023). The test ACTIVA group showed
only adhesive failures, with a significantly greater percentage of adhesive failures than the
control group (p=0.041). The test GIC group had only mixed failures with no significant
difference between test and control groups (p = 1.00). For the SDF group, ACTIVA only
exhibited adhesive failures, and only mixed in GIC; the difference between groups was
significant (p < 0.001). For the type of failure in the test group, CR had adhesive failures in
70% of samples with a significant difference between CR and GIC (p = 0.002), but not
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between CR and ACTIVA (p = 0.105). For the control group, there was no significant
difference in type of failure (p=0.094).
Conclusion: SDF significantly reduced the SBS when compared to the control. For the test
group, mean SBS was highest for CR, GIC and then ACTIVA; differences between ACTIVA
and the other groups were significant. For the control group, SBS was again highest for CR,
then GIC and then ACTIVA, but all post-hoc tests were not significant. For type of failure,
SDF exhibited a greater percentage of adhesive failures with ACTIVA and CR than with GIC.
In the control group, a mixed type of failure was more dominant than the adhesive with no
significant differences between materials. We recommend considering using CR or GIC after
applying SDF on carious primary dentin.
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Effect of Silver Diamine Fluoride on Shear Bonding
Strength to Dentin for Different Restorative Materials on
Primary Molars

Dental Caries in Pediatric Dentistry:
Dental caries is considered the most prevalent disease worldwide.48 Studies have shown
that the prevalence of dental caries for permanent teeth has declined since the 1960s, but for
primary teeth in young children, caries prevalence increased from 24% to 28% between 1988
and 2004.52
Among young children the most severe form of dental caries, known as early childhood
caries (ECC), is defined as “the presence of one or more decayed (noncavitated or cavitated
lesions), missing (due to caries), or filled tooth surfaces in any primary tooth in a child under
the age of six. In children younger than three years of age, any sign of smooth-surface caries
is indicative of severe early childhood caries (S-ECC). From ages three through five, one or
more cavitated, missing (due to caries), or filled smooth surfaces in primary maxillary
anterior teeth or a decayed, missing, or filled score of greater than or equal to four (age 3),
greater than or equal to five (age 4), or greater than or equal to six (age 5) surfaces also
constitutes S-ECC”.15 If left untreated, these carious lesions could progress toward
odontogenic infection.24 Children with untreated severely carious teeth are affected in all
aspects of their lives; their general health, weight, learning, and quality of life are all affected
negatively due to pain and discomfort associated with caries progression.26, 35 ,49
Young patients with severe dental caries are usually treated in the hospital operation room
(OR) under general anesthesia (GA). Unfortunately, many factors, including service
availability, insurance, long waiting list, illness, no anesthesiologist available, bad weather,
etc., might cause cancellation or delays which affect the use of OR facilities; therefore, dental
treatment is sometimes not provided in a timely fashion.23 Because delayed treatment can
cause further progression of dental caries, which could potentially result in tooth loss.
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Silver Diamine Fluoride (SDF):
Many recent studies have been directed toward caries prevention and arresting disease
progression by using Silver Diamine Fluoride (SDF), fluoride, sealants, and arginine.56 SDF
[Ag (NH3 )2 F] is a solution that has been used to arrest dental caries, which was first
approved to be used therapeutically in Japan in the 1960s.67 It was also used in countries like
Argentina, Australia, Brazil and China to treat dental caries.8 Silver diamine fluoride has
been used since 1969 to arrest carious lesions on primary teeth for children,67 prevention of
pit and fissure caries of erupting permanent molars,45 and root caries in elderly people.59
Silver diamine fluoride was also used to sterilize infected root canals and tooth
hypersensitivity treatment.43
The 38% Silver diamine fluoride was granted Breakthrough Designation Therapy by the
Food and Drug Administration in 2016 for arresting and preventing tooth caries in children
and adults. The code “Interim caries arresting medication application” was approved by the
Code on Dental Procedures and Nomenclature (CDT) Code Maintenance Commission for
2016.27
The exact mechanism of action for SDF is not well understood, but it was proposed that
the chemical components of SDF contribute to its arresting effects as follow: silver-salts
stimulate dentin sclerosis/calcification, silver nitrate acts to kill bacteria, and fluoride aids in
re-mineralization and prevention.53 Studies were done on SDF to test its effect on cariogenic
bacteria, the mineral content of enamel and dentin, and the organic content of dentin. When it
comes to cariogenic bacteria, SDF is bactericidal, it inhibits adherence and growth of
Streptococcus mutans on the carious enamel surface; silver particles were found on the
dentin surface after treatment with SDF with lower colony forming unit (CFU) counts of
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bacteria and more dead bacteria.61, 41 SDF treated enamel blocks had less lesion depth and
increased microhardness; also, SDF treated enamel blocks took up more calcium from the remineralizing solution and released less calcium in the demineralizing solution.38,64 SDF
treated dentin surfaces had less lesion depth and mineral loss and increased microhardness.
When human dentin was subjected to demineralization, SDF treated dentin had less calcium
and phosphorous loss and more fluoride uptake. Collagens were protected and not exposed as
a result of SDF treatment. 68, 31, 10, 40 Collagen was degraded less by matrix metalloproteinases
(MMPs) in the presence of SDF than in the presence of silver nitrate (AgNO3) or sodium
fluoride (NaF).
The higher the SDF concentration the lower the collagen degradation: collagen was
degraded less in the presence of 38% SDF than in the presence of 30% SDF and 12% SDF.42
A 38% SDF is more effective in arresting caries than 12% SDF; the 12% SDF has a similar
effect to the control where no treatment was done to the primary teeth.69, 28
The technique for SDF use is fairly simple, and the non-invasive nature of the therapy
makes its application easier regardless of patient compliance, especially in young children.72
Re-application of SDF bi-annually showed to decrease caries activity more than a
single application, 72 however, in some situations where more than one application is not
feasible, an option called Silver Modified Atraumatic Restorative Treatment (SMART) can
be used, where SDF is applied on the carious lesion and then immediately restored or sealed
with conventional GIC on the same appointment. This option is especially helpful when the
patient is not likely to present for immediate further dental treatment for example patients
with behavioral difficulties, very young patients, medically compromised patients and long
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waiting lists for hospital dentistry. In these situations SMART technique is considered a
better option than doing nothing at all.62
In a single SDF application, its effectiveness ranges from 47 to 90 percent, depending on
the size of the cavity and tooth location.12, 72 Posterior teeth have a lower rate of arrest than
anterior teeth.22 It seems that saliva also plays a major role in the caries arrest mechanism by
SDF, where silver chloride was found to be the main precipitate in SDF treated dentin; when
comparing rates of arrest in geriatric patients with pediatric patients, the elderly have a lower
arrest rate71 since they tend to have low salivary flow and less functioning saliva, hence a
higher caries rate than that in the pediatric population where a higher rate of caries arrest was
observed on the surfaces mostly covered by saliva (buccal and lingual smooth surfaces and
anterior teeth).72 Studies have found that when applying SDF on artificial carious lesions
resistance to biofilm formation and further cavity formation was observed, presumably due to
remnant ionic silver.31, 29. When comparing SDF treated demineralized to SDF treated nondemineralized dentin, more silver and fluoride is deposited in demineralized dentin; and
hence more resistant to caries bacteria than treated sound dentin.30
The main adverse effect of SDF reported is that the carious lesion is stained dark
following its application, 53 which is esthetically distasteful. Therefore, whenever restorative
treatment is feasible, a more esthetic restorative material would be used after arresting the
caries activity and the patient becomes more cooperative. Some of the esthetically available
restorative materials used are: Glass Ionomer Cement (GIC), Composite Resins (CR), Resin
Modified Glass Ionomer Cements (RMGIC), Compomers and Resin Modified Glass Ionomer
Bioactive Ionic Resin-Based Composites.
Bioactive resin composite is a fluoride-releasing restorative material. An example for this
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group of restorations is ACTIVA-restorative that was released in the market at 2013. They
have a bioactive ionic resin matrix, which allows both light polymerization ability and
chemical cure. ACTIVA also resembles RMGIC due to the glass particles and polyacid
components of glass ionomer, with its acid-base setting reaction. Therefore, there are three
setting mechanisms involved with ACTIVA restorative.3, 11

Artificial Carious Lesions:
Dentin caries is considered more complex than enamel caries and involves at least two
stages: the dissolution of biominerals by organic acids and the subsequent degradation of
dentin matrix by proteases. Dentin has more organic component and water composition than
enamel, where 50% of dentin is made of water and only 3% in enamel. Creating an artificial
carious lesion that is similar to natural lesion using organic acids was attempted since the
70s.18, 19, 20, 60
In our study, an artificial dentin caries was created in a standardized lab setting using an
acetic acid buffer as the demineralizing solution where it had been commonly used in many
previous studies.18, 19, 20, 60 Artificial root dentin lesions created with acetate buffer were
found to have similar cross-sectional microhardness, and lesion profile to natural lesion
under qualitative polarized microscopy.39

Shear Bond Strength (SBS):
Shear is a result of two sets of forces directed parallel to each other, but not along the
same straight line. The restorative material’s adhesive strength is best represented by the SBS
which is defined as a maximum shear stress (load) a body can withstand before failure occurs
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divided by its cross-sectional area, whereas shear stress is the resistance to the sliding or
twisting of one portion of the body over another.
Using either self-etch or full etch system composites after applying silver diamine fluoride
to non-carious dentin had no effect on composite bonding.52 For GIC, rinsing after applying
silver diamine fluoride avoided a 50% decrease in bond strength.32 In another study, after
applying SDF the GIC bonding strength to dentin increased.65 When it comes to resin-based
crown cement, silver diamine fluoride decreased dentin bonding strength by ~1/3.57
Therefore, it is important to rinse the SDF for direct restorations and excavate the silver
diamine fluoride-treated superficial dentin for cementing crowns.
A review of the literature reveals that no previous studies have addressed the effect of
SDF on SBS comparing three of the most commonly used esthetic restorations on the
artificially created carious lesions on primary dentin. Most of the studies tested tensile bond
strength, while we tested shear bond strength, which is more related to adhesive properties of
the restorative material than tensile strength. Therefore, further studies are needed to
investigate the effect of SDF on shear strength and bonding behavior for some of the
commonly used restorative materials in pediatric dentistry.
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AIM AND HYPOTHESIS
Research Aim:
The aims of this study were to determine the effect of SDF on the shear bonding strength
on artificially created carious lesions on primary molars with different restorative materials
and to compare the shear bonding strengths between the different restorative materials with
and without SDF.

Research Hypotheses:
Our hypotheses were as follows:
1-For the GIC restorations, SDF will increase the shear bonding strength to dentin on
primary teeth. For the ACTIVA and the CR restorations, the SBS will be reduced when
applying SDF.
2-The SBS was expected to be highest in GIC, then ACTIVA, and finally in CR, in SDF
exposed carious primary teeth dentin, whereas in the control group the shear bond strength
was expected to be highest in CR, then ACTIVA, and finally GIC.

Significance:
The results of this study could help the dentist to understand the effect of SDF on shear
bonding strength and bonding behavior of different restorative materials on primary teeth.
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MATERIALS AND METHODS
This in Vitro study (bench study) took place at Gavel Laboratory, Tufts University School
of Dental Medicine, Boston, MA, USA. Thirty extracted or exfoliated primary second molar
teeth were collected according to human subjects’ regulations in the pediatric dentistry
department, Tufts University School of Dental Medicine, MA, USA. All teeth were collected
with no link to the patient sources. Jars with saline were kept in the pediatric dentistry
department for extracted/exfoliated teeth to be collected during the day. An investigator
picked them up on a regular basis. Only sound or minimally carious extracted or exfoliated
primary second molars (where we can get 3 X 3 mm of sound dentin) on the facial and
lingual surfaces were included in the study; any teeth preserved in sodium hypochloride
(NaOCl) or any chemical preservatives other than saline were be excluded.

A total of 30 teeth were randomly divided into three groups of 10 teeth for each
restorative material (Table 1). Each tooth was sectioned mesio-distally and randomized into a
test and a control (a total of 60 samples) with 10 halves in each sub-group; each tooth half
received the same restorative material (Figure 1). Randomization was conducted using the
“sample” function of software R version 3.4.2
Group 1: Composite Resin (FiltecTM Supreme Ultra Universal Restorative Body Shade).
Group 2: Resin Modified Glass Ionomer Bioactive Ionic Resin-Based Composites
(ACTIVA™ KIDS, Bio ACTIVE-RESTORATIVE).
Group 3: Glass Ionomer Cement (GIC) restoration (Fuji IX).

1-Sample Collection:
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Collected teeth were cleaned from the residual tissues attached to the tooth surface by
wiping them with a piece of gauze and then were stored in normal saline at 4°Celsius until
preparation.

2-Sample preparation and manipulation:
After randomizing the 30 teeth into three groups (Figures 2 and 3), each tooth was
prepared in the following manner: a large cylindrical plastic mold was placed at the top of the
table with the cap at the bottom of the mold to hold the acrylic resin material, which was
poured into the mold until desired coverage was achieved. The tooth was pushed into the
resin with the occlusal surface facing down until it reached the mold’s lid (Figure 4), the
mounted samples were removed from the mold as soon as the resin sat, each tooth was split
mesio-distally into two halves (facial and lingual) with a slow-speed saw with water-cooled
diamond blade IsoMet 1000 (Buehler, Lake Bluff, IL, USA) (Figures 5 and 6), and each half
was used as a separate sample. Then each half was trimmed with a dental trimmer and
polished with 600-grit silicon carbide paper under water to expose the desired dentin surface,
which was viewed under a stereomicroscope (OLYMPUS, SZX16) to confirm it (Figures 7,
and 8). Then, the facial and lingual surfaces of the same tooth were randomly assigned into
test and control (Figure 9). The test specimens’ working surfaces were covered with acidresistant nail varnish (red color) except for a small 3 mm by 3 mm window on the working
dentin surface, which was left uncovered to subject it to the demineralizing solution (Figure
10). The Vickers hardness test was performed before and after creating the artificial carious
lesion on the test group to confirm the demineralization process.
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3- Demineralizing Solution Preparation:
Artificial residual carious lesions (chemical model) was created in the unprotected area on
the test (SDF) group by storing each specimen in a 60 ml glass container with 40 ml of
0.05M acetate buffer; the pH was adjusted to pH 5.0. First the 0.05 M acetate buffer pH 5.0
was made using acetic acid glacial (Figure 11) and sodium acetate anhydrous containing 1.28
mmol/L of Ca, 0.74 mmol/L of inorganic phosphorous and 0.03 µg F/ml, was prepared from
Ca(NO3)2.4H2O, NaH2PO4.2H2O, and NaF, respectively, where desired pH was achieved
using sodium hydroxide NaOH (Figure 12).51 Test specimens were placed in the buffer,
which was changed daily for two weeks at 37°C incubator (Figure 13) for the desired
demineralization to be achieved which is more than 200-µm,39 because on arrested dentinal
lesion on primary teeth, it was found that 38% SDF would create a highly mineralized
surface zone (about 150 µm) rich in calcium and phosphate.40 After the test specimens had
been in the artificial caries buffer for two weeks they were immediately stored in deionizing
water with thymol to prevent bacterial growth.

4- Test for Hardness:
The specimen surface was characterized with hardness test and microscopic observations,
where hardness is defined as the resistance to indentation. An indenter (Buehler, Lake Bluff,
IL, USA, Wilson VH1202) (Figure 14) was used to perform the microhardness analysis on
the surface of artificial caries induced dentin structure. Three indentations were performed
under a load of 500 g for 15 s for each specimen.21 The Vickers Microhardness (MH) value
was obtained using the following formula: Vickers Hardness Number (VHN) = (1854.4 3
W)/ 𝑑 " (where VHN is the Vickers hardness number expressed in kg/𝑚𝑚" , W is the weight
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in g, and d is the length of the diagonal in l mm) for hardness. For the test group we assessed
hardness on three different occasions: before demineralization (phase 1), after two weeks of
demineralization (phase 2), and one week after the second application of SDF (phase 3).

5- Silver Diamine Fluoride Application:
Demineralized dentin was wiped with gauze before the application of SDF. Silver diamine
fluoride 38% (44,800 ppm F) (Bee Brand Medical Dental Company Ltd., Osaka, Japan)
(Figure 15) was applied for the test group twice as follows: after two-weeks demineralization,
teeth were dried with a gentle flow of compressed air, SDF was dispensed in a plastic dappen
dish, micro brush was bent, (Figures 16, 17, 18); then SDF was applied directly on the
exposed demineralized dentin surface for one minute, dried with a gentle flow of compressed
air for at least one minute, and the excess SDF was removed with a cotton pellet. A second
application of SDF was made after one week. A study by Duangthip D., et al 2016, showed
that weekly application of SDF for three weeks, then annually was the most frequent
monitored application in a clinical trial that showed increased effectiveness compared to a
single annual application but with a limit as 1 drop (25 µL) per 10 kg per treatment visit, with
weekly intervals at most.27 For the control group, no SDF was applied. VHN was recorded
after the second application of SDF to assess its effect on dentin hardness.

6- Shear Bonding Strength Assessment:
All samples were rinsed with distilled water for 10 seconds and then air-dried prior to
restoration placement. Each group received a different restorative material: CR (Figure 19),
ACTIVA (Figures 20, 21, 22), GIC (Figure 23) following its manufacturer’s instructions,
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using a 2.4 mm diameter Polytetrafluoroethylene (PTFE) tube (Figure 24) that was cut and
adjusted where 2 mm of the restorative material was placed and then was injected onto the
exposed dentin surface with a plunger (microbruch end), and silicone lubricant was used to
facilitate the tube removal (Figures 25, 26, 27). Then once the restorative material sat on
dentin, the plastic tube was gently removed leaving the restorative material button adhered to
the desired dentin sites (Figure 28) and the diameter of each specimen was assessed with a
digital caliper (Figure 29). The specimens were then stored for 7 days to simulate oral
conditions, in deionized water with thymol to prevent bacterial growth, at 37°C incubator
before being tested for the shear bonding strength. Specimens were then tested for shear
bonding strength using Instron 5566A device (Instron, Norwood, MA) (Figures 30, 31, 32).
Once the restorative material was removed from the tooth surface (Figures 33, 34), the force
amount needed was documented and the outcome variable (shear bonding strength) was
measured in MPa (MN/m2) (Figure 35).

7- Type of Failure:
Under the stereomicroscope, the de-bonded surfaces were examined to assess the mode of
failure:
A) Adhesive failure: between dentin and the material.
B) Cohesive failure: purely within the material or purely within dentin.
C) Mixed failure: a combination of the adhesive and cohesive modes.
For the control group, we used Toluidine blue (also known as tolonium chloride), which
selectively stains acidic tissue components that contain DNA and RNA for easier assessment
for the type of failure, while for the test group the contrast with the SDF made it easier to
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read the type of failure.

8- Sample Size Calculation:
The software nQuery Advisor (Version 7.0) was used to determine the sample size
sufficient to achieve adequate statistical power to compare the test and control groups. Based
on the results of previous literature, 2, 14, 33, 66 a sample size of n = 10 per group was sufficient
to obtain greater than 80% power alongside a significance level of α = 0.05.

9- Statistical Analysis:
Data were analyzed using descriptive statistics (means and standard deviations).
Normality was assessed via the Shapiro-Wilk test, and homogeneity of variances was
assessed via Levene’s test. For dentin hardness, repeated-measures ANOVA was used to
compare the VHNs for the test group before demineralization (phase 1), after two weeks of
demineralization (phase 2) and one week after the second application of SDF (phase 3). The
Bonferroni correction was used in post-hoc tests.
For SBS, the paired t-test was conducted to compare the test and control groups for each
restorative material. This test was used due to the presence of matched pairs when comparing
the test and control groups: the teeth were split in half, and for each tooth, SDF was applied
to only one of the halves. For the SDF surface treatment condition, one-way ANOVA was
conducted to compare the materials; post-hoc tests were performed via Tukey’s HSD. For the
control group, the assumption of homogeneity of variances was violated (p < 0.05 for
Levene’s test). Hence, for the control group, Welch’s F test was used to compare the
materials; post-hoc tests were performed via Games-Howell.

14

For type of failure, McNemar’s test was used to compare the test and the control group for
each restorative material. Fisher’s exact test was used to compare the three restorative
materials in the condition in which SDF was applied, and again in the condition in which
SDF was not applied. Mixed-effect modeling was performed to test the association between
the type of failure and SBS.
The significance level was set at α = 0.05, with the exception of tests in which the
Bonferroni correction was used (for which α = 0.05/3 ≈ 0.0167). SPSS version 24 was used
for the statistical analysis, with the exception of McNemar’s test, for which the statistical
software R version 3.4.2 was used.
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RESULTS
1. Vickers Hardness Number (VHN):
The highest mean (± standard deviation) was recorded for phase 1, followed by phase 3
and then phase 2 (763.0 ± 152.0, 138.0 ± 44.9, and 60.5 ± 11.1, respectively; Table 2).
Repeated-measures ANOVA determined that mean VHN differed statistically significantly
when comparing the readings for the three different phases (p < 0.001). Post-hoc tests using
the Bonferroni correction revealed statistically significant differences for all pairwise
comparisons (p < 0.001).
2. Shear Bond Strength (Table 3):
a. Comparison of Test and Control Groups:
Means for the SDF group: CR, ACTIVA, and GIC (3.3 ± 1.4, 1.4 ± 1.0, and 3.2 ± 1.6
respectively) were lower than means for the control group: CR, ACTIVA, and GIC (10.2 ±
5.5, 5.4 ± 2.4, and 7.4 ± 2.6 respectively). Paired t-tests showed that the test group exhibited
significantly lower mean SBS compared to the control group for each restorative material
(CR: p = 0.001, ACTIVA: p = 0.001, GIC: p = 0.004).
b. Comparison of Materials (SDF Group):
For the SDF group, the mean (± SD) SBS was higher for both the CR and GIC
restorations (3.3 ± 1.4 and 3.2 ± 1.6, respectively), when compared to ACTIVA (1.4 ± 1.0).
The comparison of materials using one-way ANOVA was statistically significant (p =
0.006); in post-hoc testing there was a significant difference between CR and ACTIVA (p =
0.009) and between ACTIVA and GIC (p = 0.020), but not between CR and GIC (p = 0.950).

c. Comparison of Materials (Control Group):
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For the control group, the means (± SD) for the CR and GIC groups were higher than
ACTIVA (10.2 ± 5.5, 7.4 ± 2.6, 5.4 ± 2.4, respectively). The omnibus test (Welch’s F test)
was statistically significant (p = 0.044), but all post-hoc tests (Games-Howell) were not.
3. Type of Failure (Table 4):
Only two types of failure (adhesive and mixed) were observed in our samples; no
cohesive type of failure was observed.
a. Comparison of Test and Control Groups:
When comparing the type of failure between the test and control groups using
McNemar’s test, the control CR group had only mixed failures. Its percentage of mixed
failures was statistically significantly higher than that of the test group (p = 0.023). The test
ACTIVA group showed only adhesive failure; its percentage of adhesive failures was
significantly higher than that of the control group (p = 0.041). The test GIC group had only
mixed failures; there was no significant difference between the test and control groups (p =
1.00).
b. Comparison of Materials (SDF Group):
For the SDF group, ACTIVA only exhibited adhesive failures, and GIC only exhibited
mixed failures; the difference between groups was statistically significant (p < 0.001). For
CR, 7 of 10 (70%) were adhesive. There was a statistically significant difference between the
CR and GIC groups (p = 0.002), but not between the CR and ACTIVA groups (p = 0.105)
(Figures 36, 37, 38, 39).

c. Comparison of Materials (Control Group):
For the control group, Fisher’s exact test showed no statistically significant difference
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between the materials (p=0.094) (Figures 40, 41, 42, 43, 44).

4. Association Between Type of Failure and SBS:
When studying the association between the type of failure and SBS, the mean (± SD)
SBS for the mixed type of failure was 6.2 ± 4.3, whereas the corresponding values for
adhesive failures were 3.4 ± 2.8. When using the mixed-effects model analysis, the
difference was statistically significant (p = 0.018). However, when other independent
variables (SDF vs no SDF, and type of restorative material) were added to the model, the
difference between mixed and adhesive failures was no longer statistically significant (p =
0.534).
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DISCUSSION
In recent years, a number of studies have been directed towards caries prevention using
SDF to arrest caries activity. When it comes to restoring discolored teeth using tooth-colored
restorations, unfortunately, it can be challenging to decide which material to use and how this
material behave in the presence of SDF underneath it, and which restorative material exhibits
better bonding properties than the other. Unfortunately, there are not enough studies
investigating this issue, especially when simulating a clinical situation where SDF is applied
on demineralized (carious) dentin on primary teeth, where SDF is mostly used for the
pediatric population.
In this study, we created artificial carious lesions on primary dentin of second primary
molars on the test group, using acetate buffer for two weeks. In order to confirm the
demineralization process, VHN was assessed for our test samples before (phase 1) and after
(phase 2) demineralization to confirm the weakening of dentin structure due to loss of
calcium and phosphate ions. When comparing the VHN for hardness, we found that the mean
VHN for phase 1 was significantly higher than phase 2, which indicated weakened dentin
structure.
We also measured the VHN after applying SDF on the test group to confirm the calcifying
effect of SDF on demineralized dentin. VHN had significantly increased after the two
applications of SDF (Phase 3) when compared to phase 2. Studies have shown that the
microhardness for the outermost dentinal surface of carious lesion that had been arrested
would increase after applying surface treatment containing fluoride, 9 since SDF has the
ability to remineralize artificial dentin caries-like lesions under net-demineralizing
conditions.63
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When comparing the effects of SDF on SBS that was applied to the artificially created
dentinal lesion on test group to the control group where no SDF was applied, SDF
significantly reduced SBS in the test group for all three tested restorative materials (CR,
ACTIVA, GIC).
We hypothesized that GIC shear bond strength would increase after applying SDF and
decrease in both ACTIVA and CR. SDF is considered a calcifying solution, and it was
reported in the previous studies that GIC’s bond strength would increase when using
calcifying liquid treatment.4, 37, 6 When we tested SBS after a one week period of placing GIC
restorative material, we had a mean SBS of (3.2 ± 1.6) for the test and (7.2 ± 2.6) for the
control. The difference was significantly higher for the control, which opposes the results
conducted by Knight GM 2006 and YAMAGA et al., 1993, where in the latter when
comparing the mean SBS for the test GIC group (4.4 ± 0.9), it was significantly higher at one
month period when compared to the control (3.0 ± 0.4). This difference could be due to the
effect of demineralization process on our test (SDF) group, which can lead to loss of surface
minerals and hence, decreases the ionic interaction between cement and dentin. A study
conducted by Wang AS., et al 2016, found that SDF applications to demineralized dentine do
not significantly affect the bond strength to GIC after 7 days, and tensile bond strength was
higher in the SDF group when compared to sound dentin, with no statistically significant
difference. Therefore, clinical application of SDF may be advantageous for GIC bonding to
demineralized permanent dentin. The latter study tested the microtensile bond strength on
permanent dentin occlusal surface that was demineralized for three days only, while in our
study we used the same primary tooth as our test and control by splitting it into two halves
(facial and lingual) then demineralized test group for two weeks. The differences in sample
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selection and manipulation could be the reason why we had different outcomes.
For the composite resin group, the mean shear bond strength was statistically significantly
higher for the control group (10.2 ± 5.5) when compared to the test (3.3 ± 1.4). According to
Di I Wu., et al 2016, pretreating sound primary dentin with 38% silver diamine fluoride does
not affect the microtensile bonding strength of composite resin when compared to the control
group, and SDF can be used for secondary caries prevention in primary teeth prior to placing
the resin restoration. Another study by Quock RL., et al 2012, had similar results to the
previous study, where they found that using different concentrations of SDF on sound dentin
does not adversely affect the resin composite tensile bond strength when compared to the
control groups. A study by Selvaraj K., et al 2016 also had similar results to the previous
studies, where no significant difference was found in the mean micro-shear bond strength
between the control (28.69 ± 1.49) and test (29 ± 1.13), where (SDF/KI) was applied to
sound permanent dentin. Other studies had similar results to our study; according to Soeno et
al., 200, SDF adversely affected the µTBS of bovine teeth to steel rods when using resinbased adhesive cement. In 2016, a study conducted by Ebru Kucukyilmaz et al 2016, found
that the lowest µTBS was observed after SDF application on caries-affected dentin. This
µTBS reduction could be attributed firstly to the dentin carious lesion process with
alternating demineralization and remineralization that leads to dentinal tubules orifices
occlusion with mineral crystals, 70, 36 which prevents deep penetration of the bonding agent
and lack of deep infiltration of resin tags into the tubules. Secondly, in demineralized dentin,
significant mineral reduction (Ca, P) makes the dentin hypomineralized and porous with low
mechanical properties

69, 35

and dense accumulation of silver (Ag) content on SDF treated

demineralized dentin can all lead to lower bonding strength.73 We applied SDF twice on our
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test samples with one week apart between the two applications; therefore, this might have
affected the bonding strength even more when compared to a single application.
Several fluoride releasing restorative materials were introduced into the market including
compomers, RMGIC, and bioactive resin composite to overcome the problems associated
with the conventional GIC and composite resin restorations. With many new restorative
materials being introduced into the market, it can be difficult for the clinician to decide the
suitable restorative material to be used, in this case after the application of SDF on carious
primary teeth to achieve the best possible results. Pulpdent introduced ACTIVA kids
restorative material to the market in 2013, which is considered a type of bioactive resin-based
composite restorative material. According to Pulpdent, ACTIVA kids restorative can be used
for cosmetic restoration of primary teeth treated with SDF, and a bonding agent is
recommended in non-retentive restorations. In our study we tested SBS for ACTIVA kids
restorative material with a bonding agent. We found that the mean SBS for ACTIVA
restorative was significantly lower for the test (1.4 ± 1.0) when compared to the control (5.4
± 2.4). This difference could be attributed to the effect of the demineralization process on the
test group. ACTIVA shares the chemical cure property with GIC, so lower SBS could be
attributed to loss of surface minerals and hence, decreased ionic interaction between
ACTIVA and dentin; also using the adhesive material in bonding ACTIVA to dentin had an
effect on ACTIVA that is somehow similar to CR where SDF application can interfere with
the deep penetration of bonding agent and hence longer resin tags formation. A study by
Hiroyasu K., et al 2016, found that when comparing a type of RMGIC (Riva Bond LC), he
found that SDF reduced tensile bond strength when compared to the control with no
statistical significant difference. Since demineralization was applied for the test (SDF) group
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equally for the three restorative materials, this could be the main reason for the significantly
reduced SBS for the three materials tested
When comparing SBS in the SDF group between the three restorative materials (CR,
ACTIVA, GIC), both CR and GIC had significantly higher SBS than ACTIVA. SBS was the
highest for CR followed by GIC and finally ACTIVA restorative. This could be due to the
fact that we used a bonding agent with ACTIVA. Unfortunately, no studies were found to
test SBS for ACTIVA restorative with a bonding agent to compare against. This study is the
first study to test the SBS on demineralized primary dentin with and without SDF, comparing
CR with ACTIVA kids restorative with a bonding agent and GIC restorations. A study
conducted by Koizumi H., et al 2016 comparing CR with RMGIC (RIVA LC), found that CR
had higher bonding strength than Riva LC.
When comparing SBS for the control group, no significant difference in the post-hoc tests
was found, but SBS was the highest for CR, then GIC and finally ACTIVA. A study by
Almuammar MF,. et al 2001, and Al-Hana D.A,. et al 2013, had similar results when
comparing CR and GIC, with GIC showing lower bonding strength than CR but when they
compared RMGIC with CR and GIC, bonding strength was the highest for CR followed by
RGMIC and the least for GIC. Our readings for the mean SBS for the control group are
comparable to previous studies. A study by Almuammar MF,. et al 2001 and Hassoon SN., et
al 2015, had

CR mean SBS of 16.5 ± 1.7 and 16.1 ± 1.1 respectively which are

comparable to our mean SBS for CR 10.2 ± 5.5. For GIC restoration, the mean SBS in
studies conducted by Somani R.,et al 2016 and Murthy SS et al., 2015 had means of 7.2 ±
0.9 and 5.4 ±

1.0 respectively which are comparable to our mean SBS for GIC

restoration 7.4 ± 2.6. Unfortunately, there were no studies to compare our mean SBS for
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ACTIVA restorative to.
Data analysis showed a variety of modes of failure when comparing SDF and control
groups. Cohesive type of failure usually occurs in groups with higher bond strength, and the
amount of substrate fracture is often indicative of the retentive strength of the adhesive,
increasing the tendency of mixed failure as the bond strength increases.1 In the current study,
the mode of failure observed was noted as adhesive or mixed failures; we had predominance
of mixed type of failure for the control group and more adhesive failure for the test (SDF)
group. This finding is consistent with a previous study Ozcan M., et al 2012, where a
majority of adhesive failure was observed in the SDF group. This is in consistency with our
SBS readings where the control group had significantly higher bonding strength to dentin
than the test group.
When comparing the SDF group type of failure, GIC restoration had a 100% mixed
failure, while ACTIVA (100%) and CR (70%) exhibited adhesive type of failure; since more
mixed failure was observed in GIC this indicates higher bonding to the demineralized dentin
with SDF surface treatment than ACTIVA and CR. This could be because the chemical
bonding with SDF was stronger on the bonding surface even though SBS was lower in GIC
when compared to CR. Therefore, when it comes to GIC the fracture mode is not related to
the shear bond strengths values, which means that high bond strength values were not
necessarily correlated with mixed type of failure. For ACTIVA and CR more adhesive type
of failure was observed, this could be due to the fact that bonding was mainly maintained by
the adhesive layer penetrating into the dentinal tubules. With SDF surface treatment the Ag
ions would block the dentinal tubules, limiting adhesive penetration and formation of longer
resin tags, which negatively affected bond strength. . A study by Koizumi H., et al 2016, had
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much more greater cohesive type of failure with CR in the control group when compared to
the test where the majority of failure was adhesive For the control group, more mixed type of
failure was observed for CR (100%), GIC (90%), and ACTIVA (60%), with no significant
difference between the restorative materials. This is more consistent with the SBS control
group values where SBS was the highest for CR, followed by GIC and finally for ACTIVA.
The present study suggests that with the increased use of SDF in today’s pediatric
dentistry, whenever an esthetic restorative material is feasible, the use of CR or GIC might
ensure better bonding properties to carious primary lesion arrested with SDF. Under the
effect of SDF on adhesive materials with more adhesive type of failure, carious lesions
arrested with SDF should be slightly grounded with a diamond bur to remove the superficial
layer of SDF arrested carious lesion, this might improve bonding to dentin. As with the
SMART technique where SDF is applied and then immediately covered with GIC after
removing all the debris and carious lesions from the walls, in case of deep dentinal lesions
arrested with SDF, it might be preferred to use a closed sandwich technique where GIC
restoration to be place on arrested carious lesions and then to be covered with composite
resin restoration after slightly grounding the SDF arrested lesions from the cavity walls using
a diamond bur, this will help to preserve the vitality of the pulp tissue.
The limitation for our study was that it was done in a lab setting, which is completely
different from the oral cavity; further studies are needed for a clearer evaluation of these
restorations’ performance in clinical service.
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CONCLUSION
Within the limitations of this in vitro study it can be concluded that SDF significantly
reduced the mean shear bond stress for each of the three restorative materials (CR, ACTIVA,
and GIC) when compared to the control group. For the test (SDF) group, mean SBS was
highest for CR, followed by GIC and then ACTIVA; differences between ACTIVA and the
other groups were significant. For the control group, SBS was again highest for CR, followed
by GIC and then ACTIVA, but all post-hoc tests were not significant.
For the type of failure, SDF caused more adhesive type of failure when it comes to
ACTIVA and CR where a bonding agent was used than with GIC restorative material, where
no adhesive was used. For the control group, it was clear that the mixed type of failure was
more dominant than the adhesive indicating higher bonding strength for the three restorative
materials with no significant differences.
It is suggested that if a restorative material shows lower bond strength under ideal
controlled laboratory conditions, then it is likely that in a clinical situation additional need for
retention will be needed. Based on this study, we recommend considering composite resin
and GIC after applying SDF on carious primary dentin.
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Table 1: Materials used in the study and application protocol:
Material

Application

Surface Application Material: 38% Teeth were dried with air, SDF was dispensed in a plastic
Silver Diamine Fluoride (Bee Brand dappen dish, then SDF was applied directly on the exposed
Medical Dental Company Ltd., Osaka, demineralized dentin surface for one minute, dried with a
Japan)

gentle flow of compressed air for at least one minute, and the
excess SDF was removed with a cotton pellet.

Restoration:

Composite

Resin Rinse tooth for 5 s, dry tooth (damped), apply acid etch for

(FiltecTM Supreme Ultra Universal

20 s, rinse thoroughly, dry with air, place dental adhesive for

Restorative Body Shade A2).

10 s using continuous scrubbing, thin/air dry for 10 s, light

Acid Etch: 35% phosphoric acid

cure for 10 s, place composite resin restoration, light cure for

(Ultra-etch kit).

20 seconds.

Adhesive: Peak Universal bond resin
Restoration: Resin Modified Glass Rinse tooth for 5 s, dry tooth (damped), etch dentin 15s with
Ionomer Bioactive Ionic Resin-Based 38% phosphoric acid, rinse thoroughly, dry with air (do not
Composites (ACTIVA™ KIDS, Bio desiccate), place adhesive in two layers: apply 1st layer then
ACTIVE-RESTORATIVE).

air thin for 5-10 s, apply 2nd layed, dry it but not air thin it

Acid Etch: 38% Phosphoric Acid

(maintain thick layer of adhesive on dentin surface, light cure

(Etch-Rite Etching).

10 s, dispense the restorative material 1-2 mm on mixing pad,

Adhesive: Dentastic UNO

then apply ACTIVA on dentin and light-cure for 20 s
immediately. (Working time for ACTIVA=90 s).

Restoration: Glass Ionomer Cement Rinse tooth for 5 s, dry tooth (damped), apply cavity
(GIC) restoration (Fuji IX).

conditioner for 10 s, rinse thoroughly, dry with air (do not

Conditioner: 20% Polyacrylic Acid desiccate), Fuji IX capsule activation and mixing for 10 s,
(GC Cavity Conditioner).

within 10 s maximum after mixing start to extrude the
mixture directly on dentin. (Working time: 2 minutes)
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Table 2: Mean and Standard Deviation for Test Group’s Vickers Hardness
Number at the Three Different Phases of the Experiment:
Phase
Mean

Before
Demineralization
(Phase 1)
763.0 a

After Two-Weeks
Demineralization
(Phase 2)
60.5 b

After
Second
Application of SDF
(Phase 3)
138.0 c

SD

152.0

11.1

44.9

P

<0.001

-Repeated-measures ANOVA was performed to compare means at p<0.05.
-Pairwise test were used to check for a significant difference between phases: 1,2 and 3. Different letters correspond
to a statistically significant difference between means at p < 0.0167.
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Table 3: Mean and Standard Deviation of Shear Bond Strength (MPa) by
Subgroups

Material

CR

Subgroups

Test (SDF)

Control

Test (SDF)

Control

Test (SDF)

Control

Mean

3.3

10.2

1.4

5.4

3.2

7.4

SD

1.4

5.5

1.0

2.4

1.6

2.6

P*

ACTIVA

0.001

GIC

0.001

0.004

-For the test (SDF) group, one-way ANOVA was conducted to compare means of different restorative
materials at p < 0.05,and it was statistically significant (p = 0.006). Post-hoc tests showed significant
differences between CR and ACTIVA (p = 0.009) and between ACTIVA and GIC (p = 0.020) but not between
CR and GIC (p = 0.950).
-For the control group, Welch’s F test was conducted to compare means of different restorative materials at p
<0.05 and it was statistically significant (p = 0.044). Post-hoc tests were used to determine the significantly
different groups and it was not statistically significant.
*Paired t-test was performed to compare means of SBS between SDF and control groups for each restorative
material at p< 0.05.
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Table 4: Percentage of Types of Failure for Subgroups
Material

CR

Subgroups

Test (SDF)

Control

Test (SDF)

Control

Test (SDF)

Control

Adhesive

70%

0%

100%

40%

0%

10%

Mixed

30%

100%

0%

60%

100%

90%

P*

ACTIVA

0.023

GIC

0.041

1.00

*McNemar’s test was conducted to compare between the test and the control groups type of failure at p<0.05.
-Fisher’s exact test was used to compare between the three restorative materials for the test (SDF) and again for the
control group at p<0.05.
-For the test (SDF) group a statistically significant difference was between ACTIVA and GIC groups (p < 0.001) and
between CR and GIC (p = 0.002), but not between CR and ACTIVA groups (p = 0.105).
-For the control group, no statistically significant difference was observed between the materials (p = 0.094).
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30 teeth

Group 1
(CR)
(10 teeth)

Test (SDF)
10 halves

Group 2
(ACTIVA)
(10 teeth)

Control
(no SDF)
10 halves

Test (SDF)
10 halves

Control
(no SDF)
10 halves

Figure 1: Sample classification and randomization
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Group 3
(GIC)
(10 teeth)

Test (SDF)
10 halves

Control
(no SDF)
10 halves

Figure 2: The collected sample of second primary molars.

Figure 3: Sample randomization using software R version 3.4.2: First 10 numbers go into group 1
(composite): 3 20 8 29 30 21 13 14 24 16; next 10 go into group 2 (ACTIVA): 15 4 18 19 17 5 27 11 28 6 ;
next 10 go into group 3 (GIC): 7 9 2 25 26 1 23 10 22 12.
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Figure 4: Mounted samples in acrylic

Figures: 5,6: IsoMet 1000 saw (Buehler, Lake Bluff, IL, USA) used to split samples into two
halves (buccal and lingual).
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Figure 7: Steriomicroscope (OLYMPUS, SZX16)

Figure 8: Each tooth half was inspected under the Steriomicroscope
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Figure 9: Samples randomization into test (RED) and control (BLUE) using R-software
version 3.4.2: Zero----- SDF on Lingual surface, 1 ----- SDF on Buccal surface
First group (CR): 0 1 0 1 1 0 0 1 0 1
Second group (ACTIVA): 1 1 0 1 0 0 1 0 1 0
Third group (GIC): 1 0 0 1 1 0 0 1 1 0

Figure 10: 3X3 dentin window on test samples
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Figures 11,12: Acetate buffer preparation using acetic acid glacial

Figure 13: Incubator for test sample at 37°C for demineralization
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Figure 14: Hardness assessment using (Buehler, Lake Bluff, IL, USA, Wilson VH1202). Used
to measure dentin hardness (VHN) in three different timings: Phase 1: before demineralization, Phase 2: after
demineralization, Phase 3: after SDF application

Figure 15: 38% Silver Diamine Fluoride (Bee Brand Medical Dental Company Ltd., Osaka,
Japan)
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Figure 16: SDF application

Figure 17: A picture showing the gradual dentin color change after SDF application
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Figure 18: A picture showing test samples after the second application of SDF
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Figure 19: Group 1: Composite resin (CR) restoration shade A2

Figure 20: Group 2: ACTIVA-kids Bio ACTIVE-RSTORATIVE
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Figure 21: 38% dental etching gel used with ACTIVA

Figure 22: Dental adhesive used with ACTIVA

Figure 23: Group 3: Glass Ionomer Cement (GIC) restoration, and polyacrylic acid etch in
the bottle.
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Figure 24: PTFE tube

Figures 25, 26, 27: Restoration button placement: was made using a microbrush end as a plunger with
a silicone lubricant on the PTFE tube walls to facilitate its removal once the restoration set
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Figure 28: Restoration button on dentin (test on the right and control on the left)

Figure 29: Checking the diameter of specimens with a digital caliper
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Figure 30: Instron 5566A machine (Instron, Norwood, MA)

Figures: 31 (side view, Right), 32 (front view, Left): Samples before being tested for shear
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Figures 33, 34: Sample after being loaded to failure (Right), A graph on Instron machine
showing the failure point where a drop in the force applied after dislodging the restorative
material from dentin is observed (Left)

Figure 35: Output of Instron machine
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Figure 36: Tooth #1 (CR) Test (Mixed failure)

Figure 37: Tooth #3 (CR) Test (Adhesive failure)
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Figure 38: Tooth #18 (ACTIVA) Test (Adhesive failure)
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Figure 39: Tooth #21 (GIC) Test (Mixed failure)
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Figure 40: Tooth #6 (CR) Control (Mixed failure)
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Figure 41: Tooth #13 (ACTIVA) Control (Mixed failure)

Figure 42: Tooth #16 (ACTIVA) Control (Adhesive failure)
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Figure 43: Tooth #23 (GIC) Control (Mixed failure)

Figure 44: Tooth #24 (GIC) Control (Adhesive failure)
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