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ABSTRACT  

Silver diamine fluoride (SDF) is now considered as an efficient, non-invasive material that can be used in 

prevention and arresting of dental caries. Potassium iodide (KI) is used to reduce the dental staining produced 

by SDF.  The aim of this study was to assess the effect of SDF+KI application on demineralized dentin 

immediately after application and 3 days after a simulated caries attack. Materials and methods. 

Demineralized dentin specimens were treated by applying SDF-KI. Half of the specimens were stored in lactate 

buffer solution for 3 days. The specimens were subsequently analyzed by scanning electron microscopy (SEM) 

and energy-dispersive X-ray spectroscopy (EDS). Results. SEM evaluation of SDF+KI treated specimens 

showed a thin continuous layer of material covering the dentin surface. The EDS analysis showed decreasing 

percentages of silver and iodine, concurrent with the increase of calcium and phosphate concentrations from the 

external surface towards the inner dentin. The specimens subjected to the acidic challenge after SDF+KI 

application showed the same pattern of element distribution. Conclusions. The application of SDF-KI on 

demineralized dentin resulted in the formation of an external layer containing high percentages of silver and 

iodine. The silver-rich layer was resistant to acidic challenge and effective in protecting the subjacent dentin 

from further demineralization. 
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INTRODUCTION 

 Silver diamine fluoride (SDF) was 

introduced in the late 1960's and is now 

considered as an efficient and non-invasive 

material that can be used in prevention and 

arresting of dental caries due to some 

outstanding properties. The SDF effect on 

enamel caries is mainly the result of 

remineralization due to fluoride [1, 2]. In 

dentin caries SDF forms a dense surface 

layer, fills the voids and permeate through 

surrounding dentinal tubules with silver 

complexes [3]. SDF also possesses an 

inhibitory effect on the activity of matrix 

metalloproteinases and cysteine cathepsins, 

preserving collagen from degradation in 

demineralized dentin [4, 5]. Additionally, it 

might exert an acid-buffering effect through 

the formation of ammonium compounds [6] 

and it inhibits bacterial growth [7]. 

Therefore, SDF application could be the 

most effective treatment for root caries in 

adults [8]. However, SDF has several 

disadvantages, the main drawback being the 

formation of dark stains on the dental 

structures.  

 One of the methods proposed for 

preventing the staining is using potassium 

iodide (KI) together with SDF. Besides the 

debatable esthetic improvement, KI seems to 

reduce the free silver ions which might 

result in decreased efficiency of SDF on 

long term [9]. The depth of silver 

penetration into dentin is controversial (from 
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40μ to 1750 μ) [10, 11] and few articles 

evaluated the effects of acidic challenge on 

the root dentin treated with SDF+KI.  

 The aim of this study was to evaluate 

the morphology and composition of 

demineralized dentin subjected to SDF+KI 

treatment after a secondary acidic challenge 

simulating an active carious environment.  

MATERIAL AND METHODS 

Twenty extracted intact human third 

molars were used for this study under a 

protocol approved by the Research Ethics 

Committee at the "Gr. T. Popa" University 

of Medicine and Pharmacy of Iasi. The 

collected teeth were cleaned using hand 

scaling and pumice, then stored in 0.5% 

chloramine T solution at 4o C prior to test.  

The teeth were randomly distributed in 2 

groups: one group for evaluation of the 

immediate effects of SDR+KI application on 

demineralized dentin and another group for 

evaluation of the effects of SDR+KI 

application on demineralized dentin after 

subsequent acid challenge (tabel I).  

Each tooth was longitudinally cut using a 

straight-piece and a diamond disc under 

water spray. The section plan was chosen so 

as to provide two halves with opposite 

smooth root surfaces for the experiment. The 

two halves were then cut perpendicularly to 

the axis 1mm below the cement-enamel 

junction for the removal of the coronal part. 

The root surface of each sample was 

polished with a fine abrasive disc in order to 

flatten the surface and expose dentin. Then 

the external surface of each sample was 

covered with two layers of nail varnish 

except for a 3x3mm window on the polished 

root surface. One half was used for the 

control groups (A or B) and the other half of 

the same tooth was used for the 

corresponding experimental group (C or D) 

as described in tabel I. 

The demineralizing solution consisted of 

10ml 0.2 M lactic acid, 3.0mM CaCl2 and 

1,8mM KH2PO4 with pH 4.5, for 3 days at 

37oC to simulate an acute carious attack [12, 

13].  

In the experimental groups, Riva Star 

(SDI) capsules (lot 1139872) were used for 

the treatment of demineralized dentin. Riva 

Star Step 1 solution (SDF) was applied, 

immediately followed by the application of 

Riva Star Step 2 solution (KI) until the 

creamy white precipitate turned clear. The 

surface was blot dried. The specimens of 

each experimental group were stored in 

distilled water for 24 hours, before SEM and 

EDS analyzes.  

Tabel I. Experimental and study groups 

A (control) storage for 3 days in demineralizing solution 

B (control) storage for 3 days in demineralizing solution; storage for 24 hours in distilled 

water; second storage for 3 days in demineralizing solution 

C(experimental) storage for 3 days in demineralizing solution; RS application 

D(experimental) storage for 3 days in demineralizing solution; RS application; storage for 24 

hours in distilled water; second storage for 3 days in demineralizing solution 

The specimens were subsequently cut 

perpendicular to the surface using a diamond 

disc under water spray. One half of each 

specimen was chosen for the analysis of the 

morphology and chemical analysis of 

changes induced by the experimental 

protocols. In order to remove the smear layer 

produced by specimen polishing, 1% citric 

acid was applied for 5 s and then the surface 

was washed with distilled water using the 

water spray for 15s [14, 15].  

The morphology was observed under 

scanning electron microscope SEM Vega 

Tescan LMH II, DE Detector with operating 

conditions of 30kV, 15.5WD. An elemental 

analysis was performed via dispersive X-ray 
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spectroscopy (EDS detector X Flash 6L10, 

Esprit 2.2. soft wave in automatic/element 

list mode and Line, Point and Mapping) in 

order to detect the presence and distribution 

of calcium, phosphorus, silver, potassium, 

iodine and fluoride. Areas, lines and points 

were randomly selected from the surface of 

the tooth towards the pulp and analyzed.  

RESULTS 

The SEM images of the specimens in 

control group A showed a superficial loss of 

dentin and altered morphology of the 

subjacent dentin (fig. 1.a).  A steeper loss of 

superficial dentin was observed in the 

control group B specimens, after the second 

acidic challenge (fig 1.b). In group C 

consisting of demineralized specimens 

treated with RS, the SEM evaluation of the 

cross-sections showed a thin continuous 

layer of material covering the dentin surface 

(fig.1.c) while for the group D which had 

been subjected to a second acidic challenge, 

the images showed an external layer with 

irregularities on the surface (fig.1.d). In most 

specimens of the experimental groups, a tide 

attachment between the layers and subjacent 

dentin was observed

.  

 
Group A 

 
Group B 

 
Group C 

 
Group D 

a b c d 

Fig. 1. SEM images of control and experimental groups (x100). 

In both control groups, the EDS mapping 

analysis showed the severe drop of calcium 

and phosphorus in the outer layer of dentin 

(fig. 2; 3). In the experimental group the 

images showed a similar drop of calcium 

and phosphate in the outer dentin. The 

demineralized dentin was covered with an 

external layer containing high concentrations 

of silver (fig.4,5).
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Ca 
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Fig. 2. EDS mapping analysis in control group A. 
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Fig. 3. EDS mapping analysis in control group B. 
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Fig. 4. EDS mapping analysis in experimental group C. 

Analyzed area K, O, P, Ag, Ca, 

I analysis 
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Fig. 5. EDS mapping analysis in experimental group D. 

In all the experimental groups, fluoride was present in very low quantity and within the outer 

layer it was almost undetectable (tabel II). 

Table II. Fluoride distribution in RS-treated specimen.  

Element At. No. Netto 

Mass 

[%] 

Mass Norm. 

[%] 

Atom 

[%] 

Carbon 6 10171 52,77335 41,11432 56,61412 

Oxygen 8 8192 38,58361 30,05947 31,07338 

Calcium 20 102543 24,8606 19,36824 7,992726 

Phosphorus 15 47712 9,168467 7,14291 3,8141 

Iodine 53 3972 1,394713 1,086584 0,141611 

Silver 47 4647 1,262382 0,983489 0,150795 

Fluorine 9 86 0,31446 0,244987 0,213274 

  

 

Sum 128,3576 100 100 
 

 

In the control groups, the elemental line 

analysis after 3 and 6 days of acidic 

challenge showed lower concentrations of 

calcium and phosphorus within the external 
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dentin exposed to acid (fig.6.a,b). In most 

specimens of group A the demineralization 

extended up to 100 μm and it was followed 

by a rapid increase of calcium and 

phosphorus concentrations (fig. 6.a). In 

group B the layer of dentin with low content 

of calcium and phosphorus extending more 

than in group B, in some specimens up to 

200μ from the surface (fig. 6.b). 

The EDS line analysis of group C showed 

an external layer containing mainly silver 

and iodine. The thickness of this layer was 

around 50 -100 μm. The drop of silver and 

iodine in deeper areas was concurrent with 

the sharp increase of calcium and 

phosphorus (fig. 6.c). The elemental analysis 

of the group D showed similar profile with 

comparable thickness of this layer. The drop 

of silver and iodine was also concurrent with 

the sharp increase of calcium and 

phosphorus in deeper areas (fig. 6.d).

  

a 

 
Group A  

b 

 
Group B  

c 

 
Group C  
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d 

 
Group D  

 

Fig. 6. Element line analysis for the study and experimental groups. 

The elemental point analysis also showed similar patterns and of minerals in groups C and D 

with the external layer containing mainly silver and iodine.   

Table III. Elemental point analysis of the external layer of two specimens belonging to 

group C, respectively group D. 

Group C Element 

Mass 

Norm. 

[%] 

 Mass 

Norm. 

[%] 

Element Group D 

 

Carbon 33,14575  35,7246 Carbon 

 

Iodine 28,42246  25,98245 Iodine  

Silver 24,40834  23,3648 Silver  

Oxygen 14,02346  19,5218 Oxygen 

  100 
 

100  

The elemental point analysis in C and D 

group was concurrent with the line analysis, 

showing an external layer containing mainly 

silver and iodine. Calcium and phosphorus 

could not be detected (table IV, Point 1). 

The analysis of the points situated more 

internally showed decreasing percentages of 

silver and iodine, concurrent with the 

increase of calcium and phosphate (table I, 

Point 2, 3). The elemental analysis of points 

situated deeper than 150μm couldn't detect 

any silver or iodine (point 4). 

Table IV. Elemental point analysis for a specimen in group D. 

Element Point1 

 

Point 2 

 
 

Point 3 

 

 

 

Mass Norm [%] Mass Norm [%] Mass Norm [%] Mass Norm [%] 

Silver 23,3648 11,49425 0,695212  

Iodine 25,98245 13,94958   

Calcium   18,1614 33,41144 27,42383 

Phosphorus  6,496569 10,94605 11,10847 

Carbon 35,7246 28,45864 25,54015 26,05648 
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Oxygen 15,25098 21,43956 29,40715 35,4102 

Sum 100 100 100 100 

 

DISCUSSIONS 

In order to simulate the acute carious 

attack, we used 3 days storage in a lactate 

buffer solution [13]. Lactic acid is more 

effective than acetic acid in removing 

biominerals in dentin resulting in 

characteristics of the artificial caries which 

agrees with the observed ultrastructure of 

natural active caries lesions [16]. This 

protocol had been previously used to 

simulate root caries model by Yagi et al 

[17]. SEM and EDS analysis of the control 

groups validated the model of 

demineralization used in this study, showing 

a decrease of calcium and phosphorus, 

which gradually attenuated and reached a 

plateau. The depth of demineralization 

reached 200μm in group B which was had 

been repeatedly subjected to acidic 

challenge (fig.6). 

In the experimental groups the SEM 

images and EDS analyzes showed the 

presence of a layer containing high 

concentrations of silver and iodine which 

covered the demineralized dentin treated 

with RS immediately after the application 

and after subsequent storage in 

demineralizing solution for 3 days 

(fig.1,4,5,6). This is consistent with the 

results of a previous study that had showed 

the formation of a squamous layer of silver 

protein conjugate upon application of SDF 

to a decayed surface [18], 2012). Another 

study showed the presence of clustered 

granular dense structures formed after SDF 

treatment, which were largely preserved 

after pH cycling [19].  

In our study, the EDS analysis did not 

provide sufficient data to determine the 

chemical composition of the layer. Previous 

EDS studies suggested that the metallic 

crystals that precipitated on the specimen 

surface may be AgCl salts [20]. The 

formation of silver salts might act as a 

protective layer against dental caries and 

could block the dentinal tubules [21, 22]. 

These results are consistent with our 

findings. The silver rich layer was preserved 

after the acidic challenge even though some 

irregularities were noticed on the SEM 

images of group D and the EDS elemental 

analysis confirmed the high concentrations 

of silver and iodine in both experimental 

groups (fig.1, table III). The depth of 

demineralization of the subjacent dentin did 

not increased after the second acidic 

challenge, contrary to the control group 

which was subjected to the same 

demineralizing regimen without SDF 

application (fig. 6.b,d). These findings 

support the efficiency of SDF in preventing 

and arresting caries progress.   

SEM images showed a tide attachment 

between the external layers and subjacent 

dentin in most specimens (fig. 1). However, 

the SEM analysis failed to show the 

diffusion of the RS within the dentin tubules 

and the demineralized dentin although EDS 

mapping and line analysis detected silver in 

Group D up to 100 μm depth (fig. 4,5,6). 

The point analysis concurrently detected 

silver, iodine, calcium and phosphorus, 

suggesting the presence of an interdiffusion 

layer of demineralized dentin infiltrated with 

RS (table IV). However, the penetration in 

dentin was low since the outer layer of the 

specimen seemed to lack calcium and 

phosphate, and the concentration of silver 

and iodine abruptly dropped as the calcium 

and phosphate were detected. The 

explanation of these findings lies in both the 

method and the time of evaluation.  

Beyond the sensitivity of the detection 

method, the moment of assessment is a 
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crucial factor for detection of silver due to 

the time necessary for silver crystals 

maturation [11]. Silver ions react with 

hydroxyapatite forming silver phosphate, or 

with the collagen resulting in a silver-protein 

complex. Once formed, silver crystals are 

round and few nanomers in size until they 

aggregate to form hexagonal or square-

shaped crystals of sub-micrometer size [23, 

24]. Inside dentinal tubules, the silver 

crystals may still be nanometer-sized and 

dispersed along the tubules [14]. Therefore, 

the silver crystals might not be detectable 3 

days after the application of SDF. Another 

explanation could be related to the 

mechanism of RS which combine SDF and 

KI during application, resulting in AgI 

formation and reduction of silver ions 

available for reaction with the dentin [15]. 

However, the depth of silver penetration 

into dentin is controversial, being evaluated 

between 40μ to 1750 μ in different studies 

(25, 10, 11). A previous study also failed to 

show the presence of silver in demineralized 

dentin by EDS analysis although TEM-EDS 

analysis indicated the presence of 

nanoscopic metallic silver particles formed 

in the remineralized layer of the arrested 

lesions [14]. Another recent study evaluated 

the penetration depth of silver into EDTA-

demineralized dentin after application of 

SDF+KI. Silver could not be detected after 

24 h storage using SEM-EDS as most of the 

silver crystals formed were still nanometers 

in size. After 2 weeks storage, SEM and 

EDS point analysis was able to detect silver 

crystals formation because the silver crystals 

had coalesced to form sub-micrometer sized 

crystal formations. However, the depth of 

penetration could not be assessed using ESD 

line analysis as the concentration of the 

deposited silver crystals was still not great 

enough for detection. Only after 1 year of 

storage, the line analysis showed that silver 

penetrated throughout the whole thickness of 

the demineralized dentin [11].  

Another unexpected result was the low 

quantity of fluoride detected after RS 

application. The fluoride traces were almost 

undetectable in the outer layer in both 

experimental groups (table II). Normally a 

38% SDF solution contains 44,8000ppm 

fluoride [26], therefore calcium fluoride-like 

globules are expected to form after 

application [27]. However, many concerns 

were raised about the high fluidity of SDF 

solutions [28]. The possible explanations for 

the lack of fluoride detection may be that 

fluoride was quickly washed away upon 

rinsing [25, 21] or that the fluoride level was 

lower than the detection limit of EDS [11, 

14, 29]. Moreover, the caries model that we 

had used (continuous acidic challenge 

without de-/re-mineralizing cycling and 

short period of storage) might contribute to 

the rapid dissolution of calcium fluoride 

without the formation of hydroxyapatite 

crystals. 

A previous ex in vivo study had also 

found that the intensity for silver and 

fluoride was inconspicuous in the active 

dental lesions [14].  Several laboratory 

studies found that fluoride content became 

low after washing with water [27] and could 

not find calcium fluoride on SDF - treated 

demineralized dentin after pH cycling [26].  

Crystals containing fluoride were not 

generally detected in other study which 

evaluated the effect of different application 

times of SDF on the mineral precipitation in 

demineralized dentin [30, 31]. On the 

contrary, another study detected calcium 

fluoride by EDS as globular spherical 

particles. However, the amount of calcium 

fluoride greatly decreased and disappeared 

over time [32]. 

The limits of our study are primarily 

related to the detection limits of SM-EDS 

and the short time of observation. Within 
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these limits, our results support the 

efficiency of SDF+KI in protecting 

demineralized dentin from subsequent 

cariogenic attack. Future studies are needed 

in order to evaluate the efficiency of 

SDF+KI application in terms of crystals 

formation and obliteration of dental tubules 

in caries pH cycling models.  

 

CONCLUSIONS 

The application of SDF+KI on 

demineralized dentin resulted in the 

formation of an external layer containing 

high percentages of silver and iodine. 

The silver-rich layer was resistant to 

acidic challenge and effective in protecting 

the subjacent dentin from further 

demineralization. 
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