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Abstract

The aim of this study was to determine the effects of 38%
silver diamine fluoride (SDF) on carious lesions of human de-
ciduous teeth. Ten extracted deciduous incisors with caries
were collected and treated with SDF. After the treatment,
the teeth were sectioned through the center of the carious
lesion. The extent of sliver precipitation was examined using
quantitative backscattered electron scanning electron mi-
croscopy (gBSE-SEM), energy-dispersive X-ray spectroscopy
(EDX), and micro-computed tomography (micro-CT). The
gBSE-SEM images revealed that the silver particles could
penetrate through the pellicle complex, along with the rod
sheaths into the demineralized enamel rods and the den-
tinal tubules, and form silver-enriched barriers surrounding
the carious lesions at depths up to 2,490.2 um {mean 744.7
+ 448.7 um) within the dentinal tubules of the carious le-

sions, but less likely in the sound enamel. The EDX spectrum
analysis revealed that carbon, oxygen, phosphorus, chlorine,
silver, and calcium were the main elements detected in the
lesions treated with SDF. Additionally, sodium, magnesium,
aluminum, silicon, zinc, sulfur, and fluorine were detected as
the minor elements within the SDF precipitation “zone.” The
micro-CT analysis further showed that in the deep cavitated
lesions, the silver precipitation could be observed in the pulp
chamber. These findings provide new evidence defining the
SDF mode of action for arresting caries and suggest that the
application of a highly concentrated SDF solution on decidu-
ous teeth should be used with caution for various carious
lesions. © 2019 5. Karger AG, Basel

Introduction

Clinical studies have demonstrated that topical treat-
ment with 38% silver diamine fluoride (SDF) is useful in
arresting dental caries among preschool children world-
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wide [Lo et al., 2001; Chu et al., 2002; Llodra et al., 2005;
Yee et al., 2009; Zhi et al., 2012]. The treatment effective-
ness is approximately 68% (range 31-79%) [Rosenblatt et
al., 2009; Peng et al., 2012; Gao et al., 2016; Horst et al,,
2016]. As the treatment is inexpensive, minimally inva-
sive, and available for off-label use in pediatric dental
clinics, it has been rapidly adopted by dental clinicians in
the United States since 2015. However, the estimated gen-
eral failure rate of the treatment was 20-34% [Gao et al,,
2016]. In vivo evidence defining the SDF mode of action
for arresting or failing to arrest caries is lacking.

In the 1970s, Yamaga et al. [1972] suggested that the
principal chemical reactions between SDF {[Ag(NH;),F]}
and the tooth component hydroxyapatite[Ca;o(PO-s(OH),]
involved the formation of an impermeable layer of silver
phosphate (Ag;PO,) and calcium fluoride (CaF,) on the
treated tooth surfaces. Although some of the hypotheses
were tested in laboratory studies [Suzuki et al., 1974], most
of the previous observations were based on in vitro experi-
ments using sound dental blocks, artificial mouths, or ani-
mal models [Mei et al., 2015, 2017; Rossi et al., 2017]. Lim-
ited is known regarding the characterization of SDF-tooth
interactions and the mode of action of SDF against carious
lesions in deciduous teeth.

The aim of this study was to assess the silver penetra-
tion and distribution in carious lesions of deciduous teeth
treated with 38% SDF. We hypothesized that the degree
of silver penetration was correlated with the degree of de-
mineralization of the enamel and dentin and that the pre-
cipitation and solidification of a high concentration of
silver in the depth of lesions facilitated caries arrest. Un-
derstanding the mechanisms of SDF will allow us to es-
tablish scientifically sound SDF treatment regimes in or-
der to provide a better caries arrest agent and the best
possible care for not only the special-needs patient popu-
lation, but also for general use in caries management.

Materials and Methods

Sample Collection and Preparation

This study was an ex vivo study approved by the Institutional
Review Boards of New York University School of Medicine. Ten
deciduous incisors that had been newly extracted due to caries
were collected from the Pediatric Dental Clinic of New York Uni-
versity College of Dentistry. The teeth without caries removal or
excavation procedure were disinfected immediately with 0.1% thy-
mol after the extraction and transferred to the microbiology lab
within 24 h. The teeth were rinsed with phosphate-buffered saline
using a 10-mL sterile syringe following an aseptic process protocol
and air-dried for no more than 4 h. The 38% SDF was dispensed
into a disposable dental dappen dish and applied directly onto the
entire tooth surface including carious lesion using a microbrush
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applicator (Henry Schein, Inc., Melville, NY, USA) that was satu-
rated with the solution, following the manufacturer’s instructions
(Advantage Arrest; Elevate Oral Care, West Palm Beach, FL, USA).
All teeth were air-dried overnight, dehydrated, and embedded in
polymethylmethacrylate resin, according to hard tissue prepara-
tion protocols for further analysis via electron microscopy [Boyde,
1984].

Backscattered Electron Scanning Assay of Deciduous Incisors

The embedded incisors were sectioned with a Buehler Isomet
1000 diamond saw (Buehler, Lake Bluff, IL, USA) through the
center of each carious lesion. The surfaces were polished, washed,
and air-dried. Each specimen was imaged using a Zeiss EVO-50
scanning electron microscope in a quantitative backscattered
electron mode (¢BSE-SEM) (Carl Zeiss SMT Ltd., Cambridge,
UK). All images were obtained in a 500-nm-wide field with a pres-
sure of 50 Pa, an accelerating voltage of 15.0kV, a filament current
0f 1.965 A, a beam current of 600 pA, and a working distance of
9 mm without a conductive coating. Halogenated dimethacrylate
standards were used to calibrate the specimens, characterize the
scope of silver precipitation (location, depth, and range), and ex-
amine the alterations of enamel and dentinal tubule microstruc-
tural features in the tooth regions with and without caries [Boyde
et al.,, 1995]. BSE detection, contrast, and brightness were set to
capture the images of enamel and dentin cross-sections within a
broad dynamic range of 0-255 Gy for semiquantitative compari-
sons. Images were recorded using the Image] IJ 1.46r software
[Schneider et al., 2012].

Energy-Dispersive X-Ray Spectroscopy Assay of Deciduous

Incisors

Following gBSE-SEM, the sectioned tooth surfaces were exam-
ined by energy-dispersive X-ray spectroscopy (EDX) to determine
the anatomical localization of silver and the elemental spectrum
at targeted areas. The same Zeiss EVO-50 field emission SEM
equipped with an EDX spectrometer (Carl Zeiss SMT Ltd.) was
used at the same accelerating voltage of 15.0 kV. EDX image maps
were analyzed using the Image] IJ 1.46r software [Schneider et al,,
2012].

Micro-Computed Tomography Scanning Assay of Deciduous

Incisors

The teeth treated with SDF solution were scanned using a high-
resolution micro-computed tomography (micro-CT) scanner
(SkyScan 1172; Bruker, Kontich, Belgium). Each specimen was
wrapped in sterile phosphate-buffered saline-soaked gauze, fixed
in a customized holder for a “large” sample, and scanned in “in air”
setting, Images were acquired using an 11-Mp digital detector. The
X-ray source was set to 100 KV and 100 pA. An image voxel size of
9.01 pm and a 0.5-mm aluminum filter were used with a 0.30 rota-
tion step and 42% beam hardening correction. In each scan, 848 to
1,331 images were captured, visualized, and reconstructed with the
CT-Analyser software version 1.13 and the CT-Volume software
version 2.0 (Bruker). The penetration of silver particles into the
enamel or dentinal tubules was examined. Microphotographs were
obtained for comparisons.

Measurement of Silver Penetration
Initially, a demineralized region with silver penetration was
identified based on the changes in the enamel and dentin mineral
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Fig. 1. Silver penetration into the enamel treated with 38% SDF. In
the gBSE-SEM micrographs, the black and white images represent
the differences in mineralization density. The whitest spots indi-
cate silver particle deposition (arrows) in the enamel. a Carious
lesion without SDF treatment. Enamel demineralization is evident.
b Enamel carious lesion (circled) treated with SDF. ¢ Magnified
view of the silver particles deposited in the demineralized enamel.
d Distribution of silver particles in the enamel. @ Magnified view
of the precipitation of silver particles in demineralized enamel

density and silver deposition detected. Within each of those re-
gions, on average, 46 points were selected and labeled from the
surface of the carious lesion to the deepest silver particles detected.
The depths of silver penetration were measured within the enam-
el and dentinal tubule microstructures using the Image]J IJ 1.46r
software [Schneider et al., 2012]. All descriptive data, including the
mean, range, and standard deviation of silver penetration, were
obtained and analyzed using the IBM SPSS software (v24; IBM
Corp., Armonk, NY, USA).

Silver Penetration in Carious Lesions of
Deciduous 1eeth
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rods. f A dense and bright silver-enriched zone is evident at the
deepest carious lesion. g Magnified view of the deepest silver-en-
riched zone. Silver precipitation extends through enamel rods and
rod sheaths. h Silver penetration through the pellicle into the de-
mineralized enamel. i Silver deposited in the pellicle, but the pen-
etration was not evident on sound enamel. Ag, silver particles; DN,
dentin; EN, enamel; P, pellicle; ¢qBSE-SEM, quantitative backscat-
tered electron scanning electron microscopy; R, enamel rod; RS,
rod sheath; SDF, silver diamine fluoride.

Results

The effects of 38% SDF on the enamel of the deciduous
teeth are presented in Figure 1. Compared with carious
lesions without SDF treatment (Fig. 1a), silver deposition
was evident in demineralized enamel, and the intensity
was related to the degree of enamel demineralization
(Fig. 1b—e). The study revealed that silver precipitation
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Fig. 2. Silver penetration into the dentin treated with 38% SDF.
a Carious lesion without SDF treatment. Dentin demineralization
was identified. b Carious lesion was treated with SDF. ¢ Magnified
view of the highly concentrated silver particles lined along the sur-
face of a carious lesion. d Vertically sectioned view of silver pene-
trated into the dentinal tubules. e Silver precipitation was observed
in the vertical dentinal tubules, but did not extend into the den-
tinal tubules that had changed direction (circled). f Magnified view

extended through the enamel rods and rod sheaths
(Fig. 11, g). Apparently, silver penetrated through the pel-
licle into the demineralized enamel (Fig. 1h), but penetra-
tion into the sound enamel was not seen (Fig. 1i).

The effects of 38% SDF treatment on the dentin are
presented in Figure 2. Upon comparing SDEF-treated le-
sions to carious lesions without SDF treatment (Fig. 2a),
silver particles were observed not only to line along the
surface of the carious lesions (Fig. 2b, ¢), but also to pen-
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of the silver deposited and penetrated into the dentinal tubules.
g Dense and bright silver-enriched zones identified in the deepest
carious lesions. h Magnified view of silver-enriched zones showing
silver precipitation in the dentinal tubules toward the deepest de-
mineralized lesions. i A portion of the dentinal tubules was empty,
and the other portion was apparently sealed by silver particles and
other minerals. Arrows indicate silver particles. DN, dentin; DT,
dentinal tubule; EN, enamel; SDF, silver diamine fluoride.

etrate into the dentinal tubules (Fig. 2d—f). Zones of dense
and bright silver-enriched dentin were formed at the mar-
gins and bottoms of the lesions (Fig. 2g). Close investiga-
tion of the zones revealed that highly concentrated silver
particles were precipitated in the innermost demineral-
ized lesions (Fig. 2h), and the dentinal tubules were par-
tially sealed by silver particles and other minerals (Fig. 2i).

As illustrated in Figure 3, the silver penetrations were
measured in the enamel (Fig. 3a) and dentinal tubule
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Fig. 3. Tllustrations of the computer pro-
gram-generated measurements of silver
penetration into carious lesions. a Mea-
surements of silver penetration in enamel.
b Measurements of silver penetration in
dentin. ¢ Summary table of the measure-
ment obtained from the thirteen SDF-
treated carious lesions (multiple lesions in
three teeth). * Number of measurements
per lesion. DN, dentin; EN, enamel; SD,
standard deviation; SDF, silver diamine
fluoride.

¢ Measurement of silver penetration on SDF-treated teeth

Carious lesion n* Mean sSD Range Minimum Maximum
1 30 514.51 202.18 393.90 129.75 823.64
2 26 681.38 349.70 1,286.10 70.56 1,356.66
3 1 1,464.49 287.51 1,027.71 770.29 1,798.00
4 27 53217 164.49 637.29 122.06 759.35
5 49 1,069.93 364.57 1,623.03 16.75 1,639.79
6 72 1,268.84 430.40 2,458.44 31.77 2,490.22
7 40 646.30 307.89 909.56 362.48 1,272.04
8 61 1,005.33 588.95 1,786.38 77.78 1,864.16
9 35 44891 188.91 778.23 63.06 841.29

10 72 480.76 181.50 816.73 134.32 951.05

M 90 570.29 32833 1,116.26 73.34 1,189.59

12 48 700.67 304.36 1,142.21 70.08 1,212.29

13 42 455.97 182.66 689.57 66.34 755.91

Sum 603 744.65 448.69 2,473.46 16.75 2,490.22

(Fig. 3b) anatomical microstructures. A total of 603 mea-
surements (mean 46 + 22.25) were obtained from thirteen
carious lesions of the ten teeth treated with SDF using the
Image] IJ 1.46r software [Schneider et al., 2012]. The av-
erage depth of the silver penetration was 744.65 + 448.69
um (range 16.75-2,490.22 um) (Fig. 3¢).

EDX analyses confirmed that the particles that lined
the pellicle layer were silver (Fig. 4a) which did not pen-
etrate into sound enamel (Fig. 4b). The silver penetrated
into the dentinal tubules (Fig. 4c) rather than into the in-
tertubular dentin (Fig. 4d). The EDX spectrum analysis
further revealed that carbon, oxygen, phosphorus, silver,
calcium, and chlorine were the main elements detected in
the carious lesions treated with 38% SDF (Fig. 4). Addi-

Silver Penetration in Carious Lesions of
Deciduous Teeth

tionally, sodium, magnesium, aluminum, silicon, zinc,
and sulfur were the minor elements detected within the
SDF precipitation “zone.”

The micro-CT analysis showed no silver deposition
on the sound enamel surface (Fig. 5a). As soon as the
demineralization occurred, silver penetration was ob-
served (Fig. 5b). The study also showed that silver had
the potential to go through the incipient carious lesions
(Fig. 5¢) and form a zone of dense silver precipitation
surrounding the carious lesions (Fig. 5b—f). In cavitated
caries, the silver-enriched zones were diffused as the le-
sion enlarged (Fig. 5d-f). Finally, in the deep lesions, the
silver precipitation was observed in the pulp chamber

(Fig. 51).
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Fig. 4. Illustration of the gBSE-SEM and EDX spectra of carious
lesions treated with SDF. a Silver deposition could be seen on the
surface of the pellicle overlaying sound enamel treated with SDF.
b Silver penetration was not evident on the sound enamel. c Silver
particles were detected in the dentinal tubules. d Silver particles
were not detected in the intertubular dentin or peritubular dentin,

Discussion

Fully matured dental enamel is a highly mineralized
tissue containing 96% minerals, 4% organic matter, and
water by weight [Nanci, 2013b]. The fundamental struc-
tural units of enamel are tightly ordered rods and inter-
rods. The rods are arranged roughly perpendicular from
the dentinoenamel junction towards the tooth surface
[Nanci, 2013b]. The arrangement and curvature of the
rods are clinically significant because they modulate the
enamel resistance to the mechanical forces during tooth
functioning, the mineralization pattern, and the speed of
caries progression. In this study, we observed that the
structural characteristics of enamel could facilitate the
spread of silver penetration from enamel to dentin. The
silver particles penetrated from the surface vertically fol-
lowing the direction of the rods into the demineralized
enamel and dentin. The degree of silver penetration was
associated with the magnitude of enamel demineraliza-
tion. Importantly, the study revealed that silver precipita-
tion extended through the boundary between rods and
interrods, known as the rod sheaths (or periprismatic
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but were detected in the dentinal tubules. Ag, silver particles; DN,
dentin; DT, dentinal tubule; EDX, energy-dispersive X-ray spec-
troscopy; EN, enamel; P, pellicle; gBSE-SEM, quantitative back-
scattered electron scanning electron microscopy; SDF, silver di-
amine fluoride; pD, peritubular dentin; iD, intertubular dentin.

sheaths), which are composed of multiple protein accu-
mulates [Nanci, 2013b]. A body of evidence suggests that
the presence of the rod sheaths and cariogenic bacterial
invasion in the microstructures are responsible for the
initial loss of enamel minerals at the ultrastructural and
nanoscale levels, leading to caries formation [Fejerskov,
2015].

This study showed that the rod sheaths, specifically in
partially demineralized enamel with enlarged gaps be-
tween the rods and interrods, likely provided the path for
silver penetration. Theoretically, silver particles could
reach the demineralized ultrastructural sites and there-
fore cease the demineralization. Clinically, the effective-
ness of SDF application on an incipient carious lesion
could be influenced by the configuration of rods and in-
terrods, enamel thickness, as well as caries site and sever-
ity. The study also found that a limited amount of silver
particles could be detected on the sound enamel surface
(Fig. 1i, 5a), which could explain why SDF applications
on caries-free tooth surfaces do not produce black stain-
ing. These findings suggested that the use of SDF as a po-
tential caries-preventive agent warrants further study.

Li/Liu/Psoter/Nguyen/Bromage/Walters/
Hu/Rabieh/Kumararaja

Color version available online



Cavitated
lesion; ;7. e

lesion

Fig. 5. Micro-computed tomography images of the effect of SDF
on carious lesions. The extent of silver penetration was associated
with the degrees of enamel and dentin demineralization. a No sil-
ver precipitation was observed on the sound enamel surface. b Sil-
ver penetration was observed on the demineralized enamel that
was clinically intact and passed through the dentinoenamel junc-

The matured dentin, organized into peritubular and
intertubular dentin, is a major component of the tooth
structure, which consists of minerals (70%), organic ma-
trix (20%), and water (10%) which functions to support
enamel and resist fracture [Nanci, 2013a]. The main char-

Silver Penetration in Carious Lesions of
Deciduous Teeth

Cavitated: Vi ;

Caries

Deep
carious
lesion

e

tion into the dentin. ¢ Silver precipitation occurred on the incipi-
ent lesions of the enamel and the dentin. d, e Cavitated lesions
were surrounded by highly concentrated silver precipitations. f In
the deep cariouslesions, silver precipitations were observed inside
the pulp chambers. Ag, silver particles; DEJ, dentinoenamel junc-
tion; DN, dentin; EN, enamel; SDF, silver diamine fluoride.

acteristic feature of dentin is that the closely packed den-
tinal tubules extend through the entire thickness of the
dentin, and the odontoblast processes run within the den-
tinal tubules. Accurate measurement of silver penetration
in carious lesions is challenging, as the enamel rods or
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dentinal tubules are arranged differently in different sec-
tions of the tooth. To ensure accuracy, four strategies
were used. First, we defined the affected areas in which
silver particles were detected. Second, we drew lines ap-
proximately every 5 um from the surface of the tooth or
the carious lesion to the end point of silver particles de-
posited within the targeted areas. Third, the Image]J 1]
1.46r software [Schneider et al.,, 2012] was used to gener-
ate the measurements. Finally, an average of those mea-
surements was produced for each examined lesion.

In our study, the silver particle could be detected as deep
as 2,490 pm (with an average depth of 744 pm) in the den-
tinal structures of the deciduous teeth. This depth is great-
er than a previously reported depth of 25-200 pm based on
microhardness measurements of SDF-treated carious le-
sions [Chu and Lo, 2008] or a depth of 20-100 pm of silver
penetration into SDF-treated dentin [Shimooka, 1972; Ya-
maga et al,, 1972; Willershausen et al., 2015}. The varia-
tions can be explained by differences in the tooth specimen
and the testing methods used. Here, we used extracted de-
ciduous teeth with caries, while most of the previous stud-
ies used sound enamel and dentin blocks or permanent
teeth. Since the structures and mineral contents of the
enamel and dentin are different between the deciduous
and permanent teeth [De Menezes Oliveira et al., 2010}, a
deeper silver penetration was expected in the deciduous
teeth. However, as much as a 10-fold difference in the
depth of silver penetration was unanticipated. Hence, the
application of a highly concentrated SDF solution on the
deciduous teeth should be used with caution.

The study used micro-CT to generate three-dimension-
al images of SDF-treated tooth specimens and to assess the
extent of silver penetration. The results showed silver-en-
riched “zones” or temporarily formed “shields” surround-
ing the lesions. It is not clear how the silver particles were
concentrated at the end of demineralized sites and what
caused the absence of silver precipitation that exceeded the
boundary. Here, we propose the following explanations for
these observations. (1) The silver-enriched zone formation
could be due to alterations in the microenvironment (e.g.,
the changes in the equilibrium parameter of the mineral
molecular structure and an increased abundance of free
minerals) in dentinal tubules as a result of carious develop-
ment. (2) The “sudden” stop in silver precipitation could
be due to changes in the direction of the dentinal tubules
at the junction between the primary dentin (near the enam-
el) and secondary dentin (near the pulp chamber and less
regular). Some evidence suggests that the dentinal tubules
of secondary dentin fill with more calcified materials and
the overall permeability of the dentin is reduced, thereby
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protecting the pulp [Nanci, 2013a)]. (3) The dentinal tu-
bules could be filled with cariogenic microorganisms or
blocked by denatured dentin collagen matrix and meta-
bolic byproducts resulting from a carious process that pre-
vents silver penetration. (4) A partial remineralization
could occur from the silver particles or other minerals that
mechanically seal the demineralized dentinal tubules. In
addition, we observed that with SDF application on a deep
carious lesion, the silver penetration could extend into the
pulp chamber. The potential pulpal injury associated with
SDF treatment is not fully understood and, therefore,
needs to be further investigated.

Dental caries is caused by alterations of mineral sub-
stances in the acidic oral environment, resulting in de-
struction of the tooth structure [Fejerskov and Larsen,
2015]. The primary mineral constituting both enamel
and dentin is hydroxyapatite, which is a crystalline cal-
cium phosphate [Ca;o(PO,)s(OH),]. A range of hypo-
thetical chemical reactions have been proposed [Yamaga
etal., 1972; Rosenblatt et al., 2009] between the hydroxy-
apatite, silver ions (254,709 ppm), and fluoride ions
(44,860 ppm) in the commonly used 38% SDF solution.
A study showed that deep carious lesions treated with
SDF increased calcium, phosphate, and fluoride ions in
caries-affected dentin [Sinha et al., 2011]. Yamaga et al.
[1972] attributed the increased hardness of SDF-treated
carious dentin to the deposition of silver phosphate. Mei
et al. [2018] suggested that silver particles contributed to
the increased hardening of the treated tooth surfaces.

In addition to determining the characteristics of SDF
penetration, the study also aimed to investigate the inor-
ganic composition of carious lesions treated with 38% SDF.
The combined EDX and qBSE-SEM analysis revealed that
carbon, oxygen, phosphorus, silver, calcium, and chlorine
were the main elements detected in the carious lesions
treated with SDF. Additionally, sodium, magnesium, alu-
minum, silicon, zinc, and sulfur were the minor elements
detected within the SDF precipitation zone. The important
elements consistently detected in the carious lesions were
calcium, phosphorus, and silver. Previous studies have
suggested that the main mechanism of SDF-induced caries
arrest was the formation of silver phosphate (Ag3PO,), cal-
cium fluoride (CaF,), and fluorapatite [Ca;o(PO4)sF2] on
treated lesions [Yamaga et al., 1972]. Based on their asso-
ciation with biological apatite formation, chemical stabil-
ity, and solubility, fluoride has been classified as a key car-
jostatic element [LeGeros, 1991]; fluorohydroxyapatite
formation in SDF-treated caries lesion might induce the
lesion remineralization [Mei et al., 2018]. This study could
not confirm the fluoride composition in the SDF-treated
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lesions due to the limitations of the methods used. The
mechanistic role of high fluoride concentration (44,860
ppm fluoride ions) in SDF-treated carious lesion needs to
be further investigated.

The study by Yamaga et al. [1972] also concluded that
the black staining on SDF-treated tooth surfaces was due
to the formation of Ag;PO,. In a recent review, Mei et al.
[2018] suggested that silver compounds are the reason for
the black staining of SDF-treated caries lesions. In fact,
the presence of oxygen, phosphorus, and sulfur as well as
increased chlorine in the SDF-treated carious lesions sug-
gested that these elements could incorporate silver and
form not only AgsPO, but also silver oxide (Ag,0) and
silver sulfide (Ag,S). Due to the solubility product con-
stants of these compounds at 25°C (Ag;0, 1.9 x 1078
AgsPOy, 2.8 x 10718 Ag,S, 8.0 x 107°') [Harris, 2015;
Rumble, 2018], it is possible that in the presence of alkali
hydroxide and hydrogen sulfide in the microenviron-
ment, Ag,S, AgsPO,, and Ag,0 compounds that turn sil-
ver jons (Ag*) to metallic silver nanoparticles (AgP) after
light exposure contribute to the black staining resulting
from SDF application on the surface of carious lesions.

Increasing evidence has suggested that certain oral bac-
teria and chronic inflammation (e.g., tonsillitis or peri-
odontitis) are associated with high concentrations of hy-
drogen sulfide in the oral cavity [Salako and Philip, 2011;
Takeshita et al., 2012; Ren et al., 2016; Choi et al., 2018].
Furthermore, Ag,S is a dense black solid that is insoluble in
all solvents, and its solubility product constantis much low-
er than that of Ag;0, AgsPOy, and other silver compounds
[Harris, 2015; Rumble, 2018]. Here, we propose that future
investigations should particularly focus on understanding
the physiochemical reaction of silver compounds with car-
ious lesion and antimicrobial effects of silver nanoparticles
against cariogenic biofilm that will enable scientists to elu-
cidate the cariostatic mechanism of SDF, eliminate the
black-stain drawback of SDF, and design better chemother-
apeutic agents for caries management.

One limitation of our study is that the surface prepara-
tion procedure might influence penetration by a capillary
action resulting from the air-dry procedure. In a clinical
setting, the recommended protocol for tooth preparation
for SDF treatment is to isolate the decayed tooth, clean
the teeth with a microbrush applicator, remove food de-
bris or visible plaque with gauze, and dry the tooth with
either triple syringe or cotton rolls. In this study, the ex-
tracted teeth were placed on a microcentrifuge tube rack.
Since no physical interference or debris/caries removal
was involved, the 4-h air-dry procedure was selected to
accommodate procedural differences in surface prepara-

Silver Penetration in Carious Lesions of
Deciduous Teeth

tion before application of the SDF solution. As SDF is a
water-soluble solution with a specific gravity of 1.35 (Ad-
vantage Arrest), the SDF and the water in enamel and
dentin were miscible, and the molecular differences be-
tween water and SDF were significant, therefore the os-
motic difference between the two was likely to pull the
SDF through the hard tissue porosity as fast as it would
have traveled by capillary action. Therefore, the 4-h air
dry should not alter the SDF penetration. These findings
need to be further validated by more clinical studies.

In summary, the penetration and precipitation of sil-
ver were evident in the carious lesions of deciduous teeth
after treatment with 38% SDF solution. The study re-
vealed that the silver precipitation occurred through the
pellicle complex, along with the rod sheaths, into the de-
mineralized enamel rods and the dentinal tubules, Fur-
thermore, the precipitation formed silver-enriched diffu-
sion barriers surrounding the cariouslesions at depths up
t0 2,490 pm and reaching the dental pulp tissue. The air-
dry procedure might not be ideal for the surface prepara-
tion of the teeth for SDF treatment. Despite this limita-
tion, our findings demonstrated that the extent of silver
penetration and the scope of distribution were positively
related to the degree of enamel and dentin demineraliza-
tion. EDX-SEM analysis suggested that Ag,0, Ag,S, and/
or AgsPO, are the potential key contributors for the
black-stain resulting from SDF application on the surface
of carious lesions. These findings provide new evidence
for elucidating the mechanistic mode of action by which
SDF interacts with the tooth. Furthermore, questions re-
garding the SDF antimicrobial mechanism associated
with caries arrest or failure need to be answered.
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