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ABSTRACT 

 

Aim: This In vitro study was conducted to investigate the effect of silver diamine fluoride 

(SDF) and potassium iodide (KI) treatment on microhardness levels, and to evaluate the 

effect of the subsequent application of KI on the degree of discoloration. 

 

Materials and Methods: Forty-five teeth were randomized into three groups of fifteen teeth. 

Advantage Arrest™ (AA) SDF, RIVA STAR™ (RS) step 1 only SDF, and (RS) 2 steps 

(SDF/KI) were tested. Vickers Hardness Number (VHN) and numerical color analysis were 

obtained before (phase 1) and after demineralization (phase 2), and one week after the second 

application of the arresting medicament (phase 3). Hardness values were normalized by 

dividing the VHN at phase 3 by the VHN at phase 2. The change in lightness (L) value was 

quantified as the difference in L value between phase 2 and phase 3 (phase 3 – phase 2). The 

∆E value quantifying the overall color difference between phase 2 and phase 3 was also 

calculated. 

 

Results: For the normalized VHN, means ± SD were as follows: 1.84 ± 0.30 for SDF (AA), 

1.80 ± 0.19 for SDF (RS), and 1.44 ± 0.13 for SDF/KI. The comparison of materials was 

significant (p < 0.001), with significance between SDF (AA) and SDF/KI (p < 0.001) and 

SDF (RS) and SDF/KI (p < 0.001), but not SDF (AA) and SDF (RS) (p = 0.905). All 

treatment groups were significant (p < 0.001) when comparing the VHN for the three 

different phases of treatment, with phase 1 exhibiting the highest mean and phase 2 

exhibiting the lowest mean for each treatment group. For the change in lightness (L) value, 
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means ± SD were as follows: -36.04 ± 7.25 for SDF (AA), -32.28 ± 6.55 for SDF (RS), and 

3.29 ± 10.11 for SDF/KI. The comparison of materials was significant (p < 0.001), with 

significance between SDF (AA) and SDF/KI (p < 0.001) and SDF (RS) and SDF/KI (p < 

0.001), but not SDF (AA) and SDF (RS) (p = 0.420). In the SDF (AA) and SDF (RS) groups, 

phase 1 exhibited the highest mean L value and phase 3 exhibited the lowest. For each of 

these two groups, the difference was significant (p < 0.001) when comparing the readings for 

the three phases of treatment; all post-hoc tests were significant as well. In the SDF/KI group, 

phase 1 exhibited the highest mean L value and phase 2 exhibited the lowest. The difference 

in L value was significant (p < 0.001) when comparing the readings for the three phases of 

treatment, and the post-hoc tests were significant between phase 1 and both phase 2 and 3 (p 

< 0.001, p = 0.002, respectively), but not between phase 2 and 3 (p = 0.041) when using the 

Bonferroni correction. For the ∆E value quantifying the color difference between phase 2 and 

phase 3, means ± SD were as follows: 37.37 ± 6.60 for SDF (AA), 34.37 ± 5.68 for SDF 

(RS), and 18.98 ± 6.02 for SDF/KI. The comparison of materials was significant (p < 0.001), 

with significance between SDF (AA) and SDF/KI (p < 0.001) and SDF (RS) and SDF/KI (p 

< 0.001), but not SDF (AA) and SDF (RS) (p = 0.380). 

 

Conclusion: Application of SDF or SDF/KI increases the microhardness of the 

demineralized dentin. However, KI application significantly reduced the hardness of the SDF 

when compared to the unaccompanied SDF. Regarding color changes, SDF/KI showed less 

changes than SDF when compared to the baseline and was better esthetically than SDF. 
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 2 

     Dental Caries in Pediatric Dentistry: 

     Dental caries is a pathological process of localized destruction and demineralization of 

enamel and dentin by microorganisms. 1 As it progresses, the acid produced on dietary 

fermentable carbohydrates by bacterial action diffuses into the tooth and dissolves the 

mineral carbonated hydroxyapatite resulting in demineralization. 2 Dental caries is 

considered the most prevalent disease worldwide. 3 Research has shown that the prevalence 

of dental caries for permanent teeth has decreased since the 1960s, but for primary teeth in 

young children, the prevalence of caries has risen from 24% to 28% between 1988 and 2004. 

4 

     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 (non-cavitated 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”. 5 These carious lesions may advance towards odontogenic infections if 

they remain untreated. 6 Children with untreated severely carious teeth are affected in all 

aspects of their lives; their overall health, weight, education, and quality of life are all 

adversely impacted owing to pain and distress associated with caries progression. 7,8,9 

     Young patients with extensive dental caries are usually treated in the operating room (OR) 

under general anesthesia (GA) in a hospital setting. Unfortunately, many variables, including 
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accessibility of services, insurance, lengthy waiting lists, illness, no reachable 

anesthesiologist, poor climate, etc., may cause cancelations or delays affecting the use of OR 

facilities; therefore, dental rehabilitation is sometimes not given in a prompt manner. 10 Due 

to delayed treatment, further progression of dental caries could potentially lead to tooth loss. 

 

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. 11 SDF 

[Ag(NH3)2F] is a solution that has been used to arrest dental caries; it was first approved to 

be used therapeutically in Japan in the 1960s. 12 It was also used in countries like Argentina, 

Australia, Brazil and China to treat dental caries. 13 SDF has been used since 1969 to arrest 

carious lesions on primary teeth for children, 12 prevention of pit and fissure caries of 

erupting permanent molars, 14 and root caries in aged people. 15 SDF was also used to 

sterilize infected root canals and tooth hypersensitivity treatment. 16 

     The 38% SDF 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. 17  

    The exact mechanism of action for SDF is not well understood, but it has been suggested 

that SDF's chemical components contribute as follows to its arresting effects: silver salts 

stimulate dentine sclerosis or calcification, silver nitrate acts to kill bacteria, and fluoride aids 

in remineralization and prevention. 18 Studies were done on SDF to test its effect on 

cariogenic bacteria, the mineral content of enamel and dentin, and the organic content of 
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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 following SDF treatment with lower colony forming unit (CFU) counts of 

bacteria and more dead bacteria. 19,20 Enamel blocks treated with SDF had less lesion depth 

and increased microhardness; also, SDF treated enamel blocks took up more calcium from 

the re-mineralizing solution and released less calcium in the demineralizing solution. 21,22 

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. 

     As a result of SDF treatment, collagens were protected and not exposed. In the presence 

of SDF, collagen was less degraded by matrix metalloproteinases (MMPs) than by silver 

nitrate (AgNO3) or sodium fluoride (NaF). 23-26 The higher the concentration of SDF, the 

lower the degradation of collagen: when using 38% SDF, collagen was less degraded when 

compared to using either 30% SDF or 12% SDF. 27 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. 28,29 

     Re-application of SDF bi-annually showed to decrease caries activity more than a single 

application; 30 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 glass ionomer cement (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 



 
 

 5 

patients and long waiting lists for hospital dentistry. In these situations, the SMART 

technique is considered a better option than doing nothing at all. 31  

     In a single SDF application, its effectiveness ranges from 47% to 90%, depending on the 

size of the cavity and tooth location. 30,32 Posterior teeth have a lower rate of arrest than 

anterior teeth. 33 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 rate 34 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). 30 

     Studies have discovered that resistance to biofilm formation and further caries formation 

was noted when applying SDF on artificial carious lesions, likely due to residual ionic silver. 

24,35 When comparing SDF treated demineralized to SDF treated non-demineralized dentin, 

more silver and fluoride is deposited in demineralized dentin, and hence more resistant to 

caries bacteria than treated sound dentin. 36 

     Previous clinical trials on SDF revealed that black stains on the caries lesions that were 

arrested were common and could cause an aesthetic concern. 37 These stains were the most 

frequently reported barrier to the usage of SDF among parents. Pediatric program directors 

expressed concerns regarding the staining and poor parental acceptance of aesthetics 

following its application. 38 

 

Potassium Iodide (KI) - RIVA STAR™ (RS): 
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     It has been proposed recently that by applying a saturated potassium iodide (KI) solution 

directly after SDF has been applied, staining of the dentin carious lesion may be diminished 

while the ability of SDF to arrest caries is not affected. 39 The proposed explanation is that 

the KI solution's iodide ions will react to the SDF solution's excess silver ions to form a silver 

iodide precipitate. 40 

     Some recent studies have focused on the use of the SDF/KI. Studies were done on 

SDF/KI to test its effect on Streptococcus mutans growth, secondary caries prevention and 

root caries arrest. SDF/KI was effective in reducing the numbers of Streptococcus mutans in 

dentinal tubules infected with this organism. 41 Furthermore, topical treatment of SDF/KI on 

dentine reduced in vitro caries development and inhibited surface biofilm formation. 36 

Treatment with SDF/KI inhibited secondary caries development in GIC fillings but was not 

as effective as treatment with SDF alone. 42 SDF/KI solution application has also been 

effective in arresting root caries among elderly residents. 43 Moreover, in terms of dentine 

hypersensitivity, SDF/KI showed better results when compared to oxalic acid‐based 

preparations. 44 

     Riva Star (RS) is similar to Advantage Arrest (AA) 38% SDF. RS is a two-component 

device made up of RS Step 1, containing SDF, followed by RS Step 2, containing aqueous 

KI, which forms an immediate reaction precipitate of silver iodide when it reacts with SDF, 

thereby reducing tooth sensitivity by physically occluding the open dentinal tubules. Riva 

Star was granted an approval by the Food and Drug Administration in 2018 for treatment of 

dentinal hypersensitivity. 

     It would be beneficial if KI could hinder the staining formation of SDF without 

diminishing its physical properties, as it has been shown to be effective in the prevention and 
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arrest of dental caries. Nevertheless, there is no evidence from clinical trials to support this 

claim. 

 

Artificial Carious Lesions: 

    Dentin caries is considered more complicated than enamel caries. 45 It involves two stages: 

first, dissolution of biominerals by organic acids, and second, 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 has been attempted since 

the 1970s. 45-48 

     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. 45-48 Artificial root dentin lesions created with acetate buffer were found to 

have comparable cross-sectional microhardness, and lesion profile to natural lesions under 

qualitative polarized microscopy. 49 

 

Hardness Testing: 

     Enamel and dentin hardness have been determined through a variety of methods including 

abrasion, pendulum, scratching, and indentation techniques. 50 Since it has been shown that 

the hardness of enamel and dentin has significant local variations, it has been preferred to use 

microindentation methods. 51 

     Measuring hardness has been proven to be a practical method for assessing the mineral 

content of teeth. 52 Several caries or arrested caries studies have revealed that alterations in 
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dentine's microhardness are directly related to its mineral concentration. 53,54 The 

deterioration of carious dentine's mechanical properties, namely hardness, was positively 

correlated with a decrease in its mineral content. 52 Dentine strength and stiffness were 

obtained from its inorganic component, 55 and the reduction of carious dentine's mechanical 

properties was due to mineral loss. 56 

     Arrested dentinal caries are caries that do not show any further progressive tendency. 

Such dentin is usually inactive microbiologically and approximates sound dentin's hardness. 

57 Arrested caries become hypermineralized and have a high fluoride content due to 

continuous exposure to oral cavity fluids. 

     Topical fluoride agents such as 5% NaF varnish and 38% SDF solution were used to 

arrest caries. Following topical application of SDF solution or NaF varnish, clinical trials 

reported encouraging results and treatment was considered successful in those studies if 

carious lesions were hard on probing. 58-61 Clinical diagnosis of arrested dentinal caries, 

however, mostly are contingent on the subjective evaluation of the examiner. Therefore, 

laboratory studies were conducted to evaluate the remineralization and hardening of dentinal 

lesions during reversal of caries. 
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AIM AND HYPOTHESIS 

 

Research Aims: 

     The aims of this in-vitro study were to investigate the effect of SDF/KI treatment on the 

microhardness levels, and to evaluate the effect of the subsequent application of potassium 

iodide (KI) on the degree of discoloration. 

 

Research Hypotheses: 

     Our hypotheses were as follows:  

1- For microhardness, SDF treated groups have greater microhardness levels when compared 

to the SDF/KI treated group.   

2- For color change, potassium iodide application influences the color changes after the 

application of SDF, and results in less color changes from baseline when compared to SDF 

alone. 

 

Significance: 

     The results of this study could help the dentist to understand the effect of SDF/KI on 

microhardness levels when applied on carious primary teeth. 
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MATERIALS AND METHODS 

 

     This in vitro study was performed in the Gavel Laboratory, Tufts University School of 

Dental Medicine, Boston, MA, USA. Forty-five extracted or exfoliated primary 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 molars 

(where we could get 2 X 3 mm of sound dentin) were included in the study; any teeth 

preserved in sodium hypochloride (NaOCl) or any chemical preservatives other than saline 

were excluded.   

  

     A total of 45 teeth were randomly divided into three groups of 15 teeth for each material 

being tested (Table 1). Each tooth was sectioned to expose the desired dentin surface. 

Randomization was conducted using the “sample” function of software R version 3.4.2. 

Group 1: Advantage Arrest™ Silver Diamine Fluoride 38% (Bee Brand Medical Dental 

Company Ltd., Osaka, Japan) 

Group 2: RIVA STAR™ step 1 only: Silver Diamine Fluoride 35-40% (SDI Limited, 

Victoria, Australia) 

Group 3: RIVA STAR™ 2 steps: Silver Diamine Fluoride 35-40% and Potassium Iodide 

(SDI Limited, Victoria, Australia). 
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1-Sample Collection: 

     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 45 samples into three groups (Figures 1 and 2), each sample 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 3), the 

mounted samples were removed from the mold as soon as the resin sat, each tooth was split 

with a slow-speed saw with water-cooled diamond blade IsoMet 1000 (Buehler, Lake Bluff, 

IL, USA) (Figures 4 and 5). Then each sample 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 6 

and 7). The test specimens’ working surfaces were covered with acid-resistant nail varnish 

(red color) except for a small 2 mm by 3 mm window on the working dentin surface, which 

was left uncovered to subject it to the demineralizing solution (Figure 8). The Vickers 

hardness test was performed before and after creating the artificial carious lesion on the test 

groups to confirm the demineralization process, and after the arresting material was applied 

to assess the changes. 
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3- Demineralizing Solution Preparation: 

     Artificial residual carious lesions (chemical model) were created in the unprotected area 

of the test groups by storing each specimen in a 60 ml glass container with 40 ml of 0.05M 

acetate buffer (Figure 11); 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 10) and sodium acetate anhydrous containing 

1.28 mmol/L of Ca, 0.74 mmol/L of inorganic phosphorous and 0.03 g F/ml, was prepared 

from Ca(NO3)2.4H2O, NaH2PO4.2H2O, and NaF, respectively, where desired pH was 

achieved using sodium hydroxide NaOH (Figure 9). 62 Test specimens were placed in the 

buffer, which was changed daily for two weeks at 37C incubator (Figure 12) for the desired 

demineralization to be achieved which is more than 200-m 49 because on arrested dentinal 

lesion on primary teeth, it was found that 38% SDF would create a highly mineralized 

surface zone (about 150 m) rich in calcium and phosphate. 26 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 was 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 the dentin structure. Three indentations were performed under a 

load of 50 g for 15 s for each specimen. 63 The Vickers Microhardness value was obtained 

using the following formula: Vickers Hardness Number (VHN) = (1854.4 3 W)/ 𝑑2 (where 

VHN is the Vickers hardness number expressed in kg/𝑚𝑚2, W is the weight in g, and d is 
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the length of the diagonal in l mm) for hardness. For the test groups, 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 the test material 

(phase 3). Hardness values obtained were recalculated in order to be normalized by dividing 

the VHN of treated dentin by the VHN of demineralized dentin (phase 3 / phase 2). 

 

5- Silver Diamine Fluoride Application: 

Advantage Arrest™ Silver Diamine Fluoride 38%: 

     Demineralized dentin was wiped with gauze before the application of SDF. Silver diamine 

fluoride 38% (Bee Brand Medical Dental Company Ltd., Osaka, Japan) (Figure 15) was 

applied 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 

(Figure 16); 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 et al. 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 64 but with a limit of 1 drop 

(25 μL) per 10 kg per treatment visit, with weekly intervals at most. 17 

 

RIVA STAR™ Silver Diamine Fluoride 35-40% (SDI Limited, Victoria, Australia) 

     Step 1: Demineralized dentin was wiped with gauze before the application of SDF. Silver 

diamine fluoride 35-40% (SDI Limited, Victoria, Australia) (Figure 17) was applied twice as 
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follows: after two-weeks demineralization, teeth were dried with a gentle flow of compressed 

air, then foil on the silver capsule was pierced using the silver brush. In a circular motion, foil 

was pushed to the edge of the opening, (Figure 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 was made after one week. 

     Step 2: Immediately using the green brush, foil on the green capsule was pierced and 

pushed to the edge of the opening in a circular motion. A generous amount of solution from 

the green capsule was applied to treatment site for one minute (Figure 19), dried with a 

gentle flow of compressed air for at least one minute, and the excess KI was removed with a 

cotton pellet. A second application of SDF/KI was made after one week. VHN was recorded 

after the second application to measure its effect on dentin hardness for all test groups. 

 

6- Spectrophotometer: 

     According to the Commission International del'Eclairage L* a* b* color system, each 

color was explained in a three-dimensional fashion. L* axis depicted lightness/ brightness or 

color ranging from black (0) to white (100), a* axis characterized red (+a*) to green (-a*) 

and yellow (+b*) to blue (-b*) is denoted by the b* axis. A spectrophotometer, Crystaleye® 

(Olympus, Shinjuku, Tokyo, Japan) (Figure 20) was used to capture the sample images and 

perform color analysis of the surface of the dentin structure. 

     The instrument was calibrated with the manufacturer’s instruction before examination. 

The L*, a* and b* values were measured three times for each sample at each time interval 
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and the average values were documented. The difference of color between baseline and the 

desired time point was calculated based on the mathematical equation: 65 

∆E = [(∆L)2 + (∆a)2 + (∆b)2]1/2 

 

7- Scanning electron microscope (SEM): 

     Following application of the arresting solutions, a scanning electron microscope (Amary 

3300 FE SEM with x10,000 magnification) was used to provide images of crystals formed on 

specimen surfaces using a focused beam of high-energy electrons rather than light. 

For qualitative SEM evaluation, a specimen was selected from each group. Before 

examination, specimens were completely dried, and sputter coated with gold. To differentiate 

the silver wires from dentin, a 20 keV operating voltage was selected. 

 

8- Energy dispersive X-ray spectroscopy (EDS): 

     Analysis of the elements of the treated surfaces coupled with the SEM was conducted. To 

detect carbon (C), oxygen (O), phosphorous (P), calcium (Ca), silver (Ag) and iodine (I) ion 

levels through energy dispersive X-ray spectroscopy (EDS), the elemental point analysis was 

performed for the surfaces of the specimens. As part of the total weight of the sample where 

the reading was taken, readings were conveyed as a relative percentage weight of the 

recognized element. 

 

9- Sample Size Calculation: 

     A sample size calculation was conducted using the statistical software nQuery Advisor 

(Version 7.0). Based on the effect size obtained in a pilot study, with n=3 per group, a sample 
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size of n=15 per group was adequate to obtain a power greater than 99% alongside a Type I 

error rate of α = 5%. 

 

10- Statistical Analysis: 

      Data were analyzed using descriptive statistics: means, standard deviations, 

medians, and inter-quartile ranges. Normality of the data was assessed with the 

Kolmogorov-Smirnov test. Levene’s test was used to assess the assumption of equal 

variance. 

     For dentin hardness, Welch’s F test was used to compare the VHNs after 

normalization between the different test groups due to violation of the homogeneity 

of variances assumption. Post-hoc tests were performed via the Games-Howell test. 

Repeated measures ANOVA was used to compare the VHNs for the three test groups 

before demineralization (phase 1), two weeks after demineralization (phase 2), and 

one week after the second application of the related material (phase 3). The 

Bonferroni correction was used in post-hoc tests. 

     For lightness value (L*), one-way ANOVA was conducted to compare the 

differences in L* value between phase 2 and phase 3 among the different test groups. 

Post-hoc tests were performed via Tukey’s HSD. For the SDF (AA) and SDF (RS) 

groups, repeated measures ANOVA was used to compare the L* values before 

demineralization (phase 1), two weeks after demineralization (phase 2), and one week 

after the second application of the related material (phase 3). The Bonferroni 

correction was used in post-hoc tests. For the SDF/KI group, the assumption of 

normality was violated; hence, Friedman’s test was conducted to compare the L* 
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values of the SDF/KI group in the different phases of the experiment. The Wilcoxon 

signed-rank test with Bonferroni correction was used as post-hoc tests. 

     For changes between phase 2 and phase 3 in regard to color value (∆E), one-way 

ANOVA was used to compare the ∆E between the different test groups. Post-hoc 

tests were performed via Tukey’s HSD. 

    P-values less than 0.05 were considered statistically significant, except in the case 

of post-hoc tests in which the Bonferroni correction was used (for which α = 0.05/3 ≈ 

0.0167). The statistical software SPSS (version 25) was used for the analysis. 
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RESULTS 

 

1. Vickers Hardness Number (VHN): 

1. Comparison Between the Materials (Table 2): 

In this section, VHNs were normalized by dividing the VHN of the treated sample 

by the VHN of the demineralized sample. 

For the SDF (AA) group and SDF (RS) group, the means (± standard deviations) 

were higher (1.84 ± 0.30, 1.80 ± 0.19, respectively) when compared to the 

SDF/KI group (1.44 ± 0.13). The comparison of materials using Welch’s F test 

was statistically significant (p < 0.001); in post-hoc testing (Games-Howell), there 

was a statistically significant difference between the SDF/KI group and both the 

SDF (AA) group and the SDF (RS) group (p <0.001). However, the difference 

between the SDF (AA) and SDF (RS) groups was not statistically significant (p = 

0.905). 

2. Comparison Between the Test Groups at the Different Phases of the Experiment 

(Table 3): 

For all treatment groups, the highest mean (± standard deviation) was recorded for 

phase 1, followed by phase 3 and then phase 2. In the SDF (AA) group, results 

were 54.01 ± 4.90, 14.00 ± 1.82, and 25.42 ± 2.62, respectively. In the SDF (RS) 

group, results were 54.75 ± 4.12, 14.07 ± 1.54, and 25.16 ±1.70, respectively. In 

the SDF/KI group, results were 58.32 ± 6.65, 14.68 ± 1.42, and 21.10 ± 2.14, 

respectively. For each treatment group, repeated-measures ANOVA determined 
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that the mean VHN value was statistically significant when comparing the 

readings for the three different phases (p < 0.001). Post-hoc tests using the 

Bonferroni correction revealed statistically significant differences between all 

phases for each group (p < 0.001). 

 

3. Lightness Value (L*): 

1. Comparison Between the Materials (Table 4): 

Changes in lightness values between phases 2 and 3 were measured in this section, 

noting that the negative values correspond to a decline from the baseline or phase 

2. 

For the SDF (AA) group and SDF (RS) group, the means (± standard deviations) 

were lower (-36.04 ± 7.25, -32.28 ± 6.55, respectively) when compared to the 

SDF/KI group (3.29 ± 10.11). The comparison of the materials using one-way 

ANOVA was statistically significant (p < 0.001); in post-hoc testing (Tukey 

HSD), there was a statistically significant difference between the SDF/KI group 

and both the SDF (AA) group and the SDF (RS) group (p < 0.001). However, the 

difference between the SDF (AA) and SDF (RS) groups was not statistically 

significant (p = 0.420). 

 

2. Comparison Between the Test Groups at the Different Phases of the Experiment 

(Table 5): 

For the SDF (AA) and SDF (RS) groups, the highest means (± standard 

deviations) of L* value were recorded for phase 1, followed by phase 2 and then 
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phase 3. In the SDF (AA) group, results were 77.92 ± 7.26, 66.20 ± 5.11, 30.16 ± 

4.66, respectively, and in the SDF (RS) group, results were 77.75 ± 5.84, 66.15 ± 

4.18, 33.87 ± 6.10, respectively. In the SDF/KI group, the highest mean (± 

standard deviation) was recorded for phase 1, followed by phase 3 and then phase 

2 (77.59 ± 7.25 for phase 1, 63.28 ± 3.43 for phase 2, and 66.57 ± 9.28 for phase 

3). In the SDF (AA) and SDF (RS) groups, repeated-measures ANOVA 

determined that the difference in mean L* value was statistically significant when 

comparing the readings for the three phases (p < 0.001). Post-hoc tests using the 

Bonferroni correction revealed statistically significant differences between all 

phases for each of the two groups (p < 0.001). In the SDF/KI group, Friedman’s 

test was used to determine that the difference in L* value was statistically 

significant when comparing the readings for the three phases (p < 0.001). Post-

hoc tests (Wilcoxon signed-rank test with Bonferroni correction) revealed a 

statistically significant difference between phase 1 and both phase 2 and phase 3 

(p < 0.001, p = 0.002, respectively). However, the difference between phase 2 and 

phase 3 was not statistically significant (p = 0.041) when using the Bonferroni 

correction. 

 

3. Changes in Color Value (∆E) Between Phase 2 and Phase 3 (Table 6): 

     For the SDF (AA) group and SDF (RS) group, the means (± standard deviations) were 

higher (37.37 ± 6.60, 34.37 ± 5.68, respectively) than the SDF/KI group (18.98 ± 6.02). The 

comparison of materials regarding changes in color value (∆E) using one-way ANOVA was 

statistically significant (p < 0.001); in post-hoc testing (Tukey HSD), there was a statistically 
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significant difference between the SDF/KI group and both the SDF (AA) group and the SDF 

(RS) group (p < 0.001). However, the difference between the SDF (AA) and SDF (RS) 

groups was not statistically significant (p = 0.380). 

 

4. SEM Observation: 

     The SEM image showed small separate cubic shaped crystals for the SDF samples but 

with greater surface dispersion and associated occlusion of the dentinal tubule (Figure 33). 

The SDF/KI sample showed sparse irregular clustered crystal formation over the surface and 

only partial dentinal tubular occlusion (Figure 35). The images were taken at x2,000 

magnification at the end of the experiment. 

 

5. EDS Elemental Analysis: 

     The EDS point analysis for crystals formed in both SDF samples showed a high silver 

peak (Figure 34) with a weight percentage of 67% (Table 7), verifying that the crystals were 

silver, while in the SDF/KI sample the analysis showed the highest silver peak trailed by 

iodine (Figure 36), verifying the existence of silver iodide with a weight percentage of 35% 

and 39.75% respectively (Table 8). 
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DISCUSSION 

 

     In this study, an in vitro model was used to compare the microhardness levels of different 

dental treatments applied to artificial carious lesions in demineralized human dentin. Based 

on this study’s results, the null hypothesis was rejected, as differences were observed among 

the hardness capacities of each dental treatment. Furthermore, this study is the first to 

evaluate the efficacy of applying KI immediately after SDF application in terms of 

microhardness levels. 

 

     We created artificial carious lesions on primary dentin of primary molars on the test 

groups, 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 the dental treatment on the test groups 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, 61 

since SDF has the ability to remineralize artificial dentin caries-like lesions under net-de-

mineralizing conditions. 66  
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     Hardness testing is an indirect method to track changes in the mineral content of dentin 

and several studies have been published on dentin microhardness. 53,57,67,68 In these studies, 

dentinal microhardness typically ranged from 25 to 65 (245 to 638 MPa) in VHN. However, 

the results of microhardness from various studies cannot be directly compared. First, the 

preparation method of the sample may differ. Some researchers proposed that 100% ethanol 

be used to dehydrate dentin specimens to minimize shrinkage due to drying. 53,67 Others 

proposed that samples of dentin should be examined directly without dehydration of ethanol. 

57,68,69 Second, the load used in the microhardness test varied from 1.5 gf (9.8 average 10−3 

N) 68 to 500 gf (4.9 N) 69 between the studies. The load used in this study was 50 gf 

(49 × 10−3 N), and the VHN values reported were consistent with those in a previous study 

done by Soekanto et al. in which the mean VHN of sound dentin was 64.82 ± 8.15 and 

demineralized dentin was 10.32 ± 2.27. 63 Likewise, the entire range of VHN in this study 

varied from 11 to 68 (104 to 667 MPa) and these values were similar to the values reported 

of 10 to 62 (98 to 608 MPa) for primary teeth dentin. 61 

 

     In this study, we elected the demineralized dentin phase as our baseline when calculating 

the changes in color value ∆E and lightness value ∆L in order to isolate the effect of the 

treatment and to eliminate factors that were not accounted for before collecting the teeth. 

Similarly, baseline VHN was used for normalizing the treated VHN by the equation: 

VHN treated /VHN demineralized 

By using this method, we adjusted the final values measured on common scales to a different 

one. In other words, this normalization equation enables the comparison of the corresponding 

normalized values from different datasets to eliminate the effects of certain gross influences 
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such as hypo or hyperplasia, hypo or hypermineralization, fluorosis and sclerotic dentin. 

 

     The microhardness results of the present study showed that applying KI to the SDF will 

decrease the microhardness significantly when compared to not applying it to the treated 

surface, despite increasing the hardness of the demineralized dentin. The possible reason is 

that the application of KI solution might diminish the amount of silver ions, as most of the 

free silver ions have already reacted with the iodine salt. The reaction between KI and SDF is 

displayed as: 

Ag(NH3)2F + KI → AgI + KF + 2NH3 

 

     One of the most significant concerns for patients is the esthetic appearance of the tooth. 

Our assessment was to analyze color changes using more accurate and reproducible 

instrument-based measurements rather than assessing color differences subjectively by the 

naked eye. 65 As mentioned, in the SDF solution, silver ions can darken the structure of the 

tooth. It is proposed that the KI solution can react with SDF to produce a bright yellow dense 

compound (silver iodide), 43 which can reduce the black staining of excess free silver ions. 24 

In this study, the results of the quantitative measurements of color differences support the 

difference between teeth treated with SDF and teeth treated with SDF plus KI. The mean 

color change for each SDF treated group was higher than the mean color change of the SDF 

plus KI group. 

 

     As stated, a significant warning for its use may be the clinical observation that SDF 

causes dark staining of carious enamel and dentin. Of paramount importance is the finding 
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that under any circumstances, based on only esthetics, some parents found the dark color 

unacceptable. Within this study, we focused on reporting the lightness value (L*) after 

applying SDF and SDF/KI. Our results showed that SDF/KI group is more white or lighter in 

the L* axis. In fact, there was not any significant difference when comparing this group to its 

baseline. On the contrary, both SDF groups were black or in other words, darker in the L* 

axis. 

 

     To our knowledge, this research is the first laboratory study to investigate the efficacy of 

SDF/KI treatment regarding microhardness and can be considered as a reference for future 

studies, which we believe is a key strength of the present study. Nevertheless, it should be 

noted that the focus of this research is on an in-vitro model that differs from the more 

complicated clinical scenarios as we used artificial caries that are different from the natural 

carious lesions. Thus, the outcomes cannot be extrapolated straight to the in-vivo situations 

and caution is recommended when interpreting the results. Further studies are needed for a 

clearer evaluation of these dental treatments’ performance in clinical services. 
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CONCLUSION 

 

          Within the limitations of this in vitro study it can be concluded that the application of 

SDF and SDF/KI increases the microhardness of the demineralized dentin. Unaccompanied 

SDF application is significantly higher than SDF/KI application with regards to 

microhardness; however, it has the disadvantage of displaying black staining and having 

inferior aesthetics. 

Based on this study, we recommend applying unaided SDF on carious primary enamel or 

dentin especially on the posterior teeth. 
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Table 1: Surface Application Materials used in the study and application 

protocol: 

 

Material Application 

Advantage Arrest™ 38% Silver Diamine 

Fluoride (Bee Brand Medical Dental 

Company Ltd., Osaka, Japan) 

Teeth were dried with air, SDF was 

dispensed in a plastic dappen dish, 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. 

RIVA STAR™ Silver Diamine Fluoride 

35-40% (SDI Limited, Victoria, Australia) 

Teeth were dried with air, then foil on the 

silver capsule was pierced using the silver 

brush. In circular motion, foil was pushed to 

the edge of the opening, 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 (Step 

1). 

Step 2: Immediately using the green brush, 

foil on the green capsule was pierced and 

pushed to the edge of the opening in a 

circular motion. A generous amount of 

solution from the green capsule was applied 

to treatment site for one minute, dried with a 

gentle flow of compressed air for at least 

one minute, and the excess KI was removed 

with a cotton pellet. 
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Table 2: Results of the Comparison Between Test Groups’ Vickers 

Hardness Number (VHN) After Normalization: 

 

 SDF (Advantage 

Arrest™) 

SDF capsule only 

(RIVA STAR™) 

SDF/KI (RIVA 

STAR™) 

Mean 1.84 1.80 1.44 

Median 1.88 1.86 1.41 

SD 0.30 0.19 0.13 

IQR (1.64, 1.98) (1.68, 1.92) (1.38, 1.52) 

p* <0.001 

 
* P-value was obtained from Welch’s F test. Post-hoc tests (Games-Howell) were used to 

determine the significantly different groups as follows: 
o SDF (AA) vs. SDF (RS):  p = 0.905 

o SDF (AA) vs. SDF/KI: p < 0.001 

o SDF (RS) vs. SDF/KI: p < 0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 30 

Table 3: Results of the Test Groups’ Vickers Hardness Number at the 

Different Phases of the Experiment: 

 

 SDF (Advantage 

Arrest™) 

SDF capsule 

only (RIVA 

STAR™) 

SDF/KI (RIVA 

STAR™) 

Phase 1 

(Sound Dentin) 

Mean 54.01 54.75 58.32 

Median 51.70 53.97 59.47 

SD 4.90 4.12 6.65 

IQR (50.35, 58.20) (52.18, 56.75) (52.90, 61.90) 

Phase 2 

(Demineralized 

Dentin) 

Mean 14.00 14.07 14.68 

Median 14.30 14.00 14.27 

SD 1.82 1.54 1.42 

IQR (12.48, 14.88) (12.67, 15.32) (13.85, 15.03) 

Phase 3 

(Treated Dentin) 

Mean 25.42 25.16 21.10 

Median 25.77 25.17 21.17 

SD 2.62 1.70 2.14 

IQR (23.08, 27.63) (24.07, 26.52) (19.55, 21.92) 

 p* <0.001 <0.001 <0.001 

 
* p-value was obtained using repeated measures ANOVA. Post-hoc tests were conducted 

using the Bonferroni correction. For each group, differences between all phases were 

significant (p < 0.001). 
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Table 4: Results of the Comparison Between Test Groups’ Changes in 

Value of Lightness (∆L): 

 

 SDF (Advantage 

Arrest™) 

SDF capsule only 

(RIVA STAR™) 

SDF/KI (RIVA 

STAR™) 

Mean* -36.04 -32.28 3.29 

Median* -34.49 -34.87 3.95 

SD 7.25 6.55 10.11 

IQR* (-43.57, -29.29) (-36.72, -28.00) (1.43, 8.35) 

p** <0.001 

 
* Negative values correspond to a decrease in the value of lightness from the baseline. 

** p-value was obtained from one-way ANOVA. Post-hoc tests (Tukey HSD) were used to 

determine the significantly different groups as follows: 
o SDF (AA) vs. SDF (RS):  p = 0.420 

o SDF (AA) vs. SDF/KI: p < 0.001 

o SDF (RS) vs. SDF/KI: p < 0.001 
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Table 5: Results of the Test Groups’ Value of Lightness (L*) at the 

Different Phases of the Experiment: 

 

 SDF (Advantage 

Arrest™) 

SDF capsule 

only (RIVA 

STAR™) 

SDF/KI (RIVA 

STAR™) 

Phase 1 

(Sound Dentin) 

Mean 77.92 77.75 77.59 

Median 80.52 80.99 80.59 

SD 7.26 5.84 7.25 

IQR (74.91, 82.97) (74.27, 81.47) (72.41, 83.21) 

Phase 2 

(Demineralized 

Dentin) 

Mean 66.20 66.15 63.28 

Median 65.13 65.85 64.44 

SD 5.11 4.18 3.43 

IQR (63.88, 68.95) (63.18, 68.53) (62.06, 65.70) 

Phase 3 

(Treated Dentin) 

Mean 30.16 33.87 66.57 

Median 30.78 34.38 67.13 

SD 4.66 6.10 9.28 

IQR (25.91, 33.18) (30.25, 38.58) (63.85, 69.78) 

 p* <0.001 <0.001 <0.001 

 

• For SDF (AA) and SDF (RS) groups: p-value was obtained using repeated measures 

ANOVA. Post-hoc tests were conducted using Bonferroni correction. For each group, 

differences between all phases were significant (p < 0.001) 

• For SDF/KI Group: p-value was obtained using Friedman’s test. Post-hoc tests (Wilcoxon 

signed-rank test with Bonferroni correction) was used to determine the significantly different 

phases as follows: 

o Phase 1 vs. Phase 2: p < 0.001 

o Phase 1 vs. Phase 3: p = 0.002 

o Phase 2 vs. Phase 3: p = 0.041 

▪ The difference between Phase 2 and Phase 3 would have been significant at the 0.05 

significance level but was not significant when using the Bonferroni correction (p < 

0.0167). 
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Table 6: Results of the Comparison Between Test Groups’ Changes in 

Color Value (∆E): 

 

 SDF (Advantage 

Arrest™) 

SDF capsule only 

(RIVA STAR™) 

SDF/KI (RIVA 

STAR™) 

Mean 37.37 34.37 18.98 

Median 36.65 36.85 18.25 

SD 6.60 5.68 6.02 

IQR (31.63, 43.94) (30.54, 37.71) (14.48, 22.16) 

p* <0.001 

 
* p-value was obtained from one-way ANOVA. Post-hoc tests (Tukey HSD) were used to 

determine the significantly different groups as follows: 
o SDF (AA) vs. SDF (RS):  p = 0.380 

o SDF (AA) vs. SDF/KI: p < 0.001 

o SDF (RS) vs. SDF/KI: p < 0.001 
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Table 7: Energy dispersive X-ray spectroscopy (EDS) analysis for SDF 

sample: 

 

Element Concentration Units 

C 27.003 Wt.% 

O 2.068 Wt.% 

P 0.652 Wt.% 

Cl 2.576 Wt.% 

Ca 0.687 Wt.% 

Ag 67.014 Wt.% 

Total 100 Wt.% 
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Table 8: Energy dispersive X-ray spectroscopy (EDS) analysis for SDF/KI 

sample: 

 

Element Concentration Units 

C 23.386 Wt.% 

O 1.812 Wt.% 

Ag 35.061 Wt.% 

I 39.741 Wt.% 

Total 100 Wt.% 
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Figure 1: The collected sample of the first 30 primary molars.  

 

 

Figure 2: Sample randomization using software R version 3.4.2: First 15 numbers go into group 

1 SDF (AA): 1, 3, 5, 6, 10, 14, 19, 21, 24, 26, 31, 32, 36, 42 and 44; next 15 go into group 2 SDF 

(RS): 2, 4, 6, 12, 13, 15, 18, 22, 28, 30, 33, 40, 41, 43 and 45; last 15 go into group 3 SDF/KI: 8, 9, 11, 

16, 17, 20, 23, 25, 27, 29, 34, 35, 37, 38 and 39. 
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                                            Figure 3: Mounted samples in acrylic. 

 

 

Figures: 4,5: IsoMet 1000 saw (Buehler, Lake Bluff, IL, USA) used to split samples.  
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                                           Figure 6: Stereomicroscope (OLYMPUS, SZX16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Each tooth sectioned was inspected under the Stereomicroscope. 
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Figure 8: 2X3 dentin window on test samples. 

 

 

 

 

 

Figures 9,10: Acetate buffer preparation using acetic acid glacial. 
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Figure 11: Samples were placed into respective 60 ml jars before applying 40 ml of 

demineralization solution. 

 

 

 

 

 

Figure 12: Incubator for test samples at 37C for demineralization. 
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Figure 13: Test sample after 2-week demineralization. 

 

 

 

 

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: one week after 2nd SDF application. 
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Figure 15: 38% Silver Diamine Fluoride (Bee Brand Medical Dental Company Ltd., Osaka, 

Japan). 

 

 

 

 

 

    Figure 16: SDF (AA) application. 
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Figure 17: Silver diamine fluoride 35-40% (SDI Limited, Victoria, Australia). 

 

 

 

 

 

Figure 18: SDF (RS) application (step 1). 
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Figure 19: Potassium iodide (KI) application (RS step 2). Notice white precipitate when applied. 

 

 

 

 

 

Figure 20: Color assessment using a spectrophotometer, Crystaleye® (Olympus, Shinjuku, 

Tokyo, Japan). Used to measure dentin hardness (VHN) in three different timings: Phase 1: before 

demineralization, Phase 2: after demineralization, Phase 3: one week after 2nd SDF application. 
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Figures 21, 22: SDF (AA) sample 5 minutes since application, 1 hour after. 

 

 

  

Figures 23, 24: SDF (RS) sample 5 minutes since application, 1 hour after. 

 

 

 

Figures 25, 26: SDF/KI sample 5 minutes since application, 1 hour after. 
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Figures 27, 28: SDF (AA) sample 1 week after 1st application, 1 week after 2nd application. 

 

 

 

Figures 29, 30: SDF (RS) sample 1 week after 1st application, 1 week after 2nd application. 

 

 

 

Figures 31, 32: SDF/KI sample 1 week after 1st application, 1 week after 2nd application. 
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Figure 33: SEM image for the surface of the SDF sample at x2000 magnification. 

 

 

 

 

Figure 34: Energy dispersive X-ray spectroscopy (EDS) analysis for SDF sample. 
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Figure 35: SEM image for the surface of the SDF/KI sample at x2000 magnification. 

 

 

 

 

Figure 36: Energy dispersive X-ray spectroscopy (EDS) analysis for SDF/KI sample. 
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