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F. Candamo?, Y. Wang?, J.R. Dickson®, M.W. Ng'?2, and S.P. Ho**

Abstract

Silver diamine fluoride (SDF) is a dental biomaterial used to arrest dental caries. To better understand SDF’s mechanism of action, we
examined the localization of silver within the tissues of SDF-treated teeth. Carious primary teeth fixed within 2 min of SDF application
(SDF-minutes, n = 3), at 3 wk after SDF application in vivo (SDF-weeks, n = 4), and at 2 y after multiple SDF applications in vivo (SDF-
multiple, n = 1) were investigated in this study. Carious primary teeth without SDF application (no-SDF, n = 3) served as controls.
Mineral density and structural analyses were performed via micro—X-ray computed tomography and scanning electron microscopy.
Elemental analyses were performed through X-ray fluorescence microprobe and energy-dispersive X-ray spectroscopic techniques.
SDF-treated teeth revealed higher X-ray—attenuated surface and subsurface regions within carious lesions, and similar regions were not
present in no-SDF teeth. Regions of higher mineral density correlated with regions of silver abundance in SDF-treated teeth. The SDF
penetration depth was approximated to 0.5 £ 0.02 mm and 0.6 + 0.05 mm (mean + SD) for SDF-minutes and SDF-weeks specimens,
respectively. A higher percentage of dentin tubular occlusion by silver or calcium phosphate particles was observed in primary teeth
treated with SDF-weeks as compared with SDF-minutes. Elemental analysis also revealed zinc abundance in carious lesions and around
the pulp chamber. SDF-weeks teeth had significantly increased tertiary dentin than SDF-minutes and no-SDF teeth. These results
suggest that SDF treatment on primary teeth affected by caries promotes pathologic biomineralization by altering their physicochemical
properties, occluding dentin tubules, and increasing tertiary dentin volume. These seemingly serendipitous effects collectively contribute

to the cariostatic activity of SDF.

Keywords: caries, tertiary dentin, primary tooth, trace metals, zinc, metalloprotease

Introduction

Silver diamine fluoride (SDF) is a dental biomaterial that is
used as a cariostatic agent and as a treatment for dentin hyper-
sensitivity (Crystal and Niederman 2019). Topical application
of SDF to carious lesions can be performed in a few minutes
without the need for anesthetics or sedatives (Horst et al.
2016), and the use of SDF is a key strategy in minimally inva-
sive dentistry, particularly in the pediatric population (Frencken
et al. 2012). In 2017, the American Academy of Pediatric
Dentistry provided evidenced-based recommendations for the
use of 38% SDF to arrest cavitated carious lesions on primary
teeth (Crystal et al. 2017) but highlighted the need for further
studies to understand the cariostatic efficacy of SDF.

Despite the clinical effectiveness of SDF in arresting caries
(Chu et al. 2002; Llodra et al. 2005; Yee et al. 2009; Zhi et al.
2012; Crystal et al. 2017; Slayton et al. 2018; Urquhart et al.
2019), the mechanism of SDF action is not fully understood
(Zhao et al. 2018). The traditional understanding is that the
silver component of SDF provides antibacterial activity while
the fluoride component helps remineralize the carious dentin
(Crystal and Niederman 2019). In vitro, ex vivo, and in vivo
research, however, has suggested a more complex and nuanced

mechanism of action of SDF. SDF effects on dentin have pri-
marily been studied with ex vivo models. It has been suggested
that silver compounds occluded dentinal tubules in carious lesions
and in turn inhibited the progression of microbial species into
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dentin, thereby preventing acid diffusion through the tubules
(Shah et al. 2014). Metallic silver and silver chloride have been
found in dentin specimens treated with SDF (Mei et al. 2012;
Yu et al. 2018). Specifically, silver was observed in dentin
tubules in isolated dentin or enamel specimens treated with SDF
(Yuetal. 2018; Sayed et al. 2019) and in extracted teeth treated
with SDF ex vivo (Willershausen et al. 2015; Seto et al. 2020).
Recent studies also examined the interaction of the silver com-
ponent of SDF with dentin. SDF has been shown to react with
hydroxyapatite to form calcium fluoride, fluoroapatite, and
insoluble silver phosphate, thereby increasing dentin hardness
and resistance to acid dissolution or demineralization (Suzuki
etal. 1974; Shah et al. 2014). SDF has additionally been shown
to inhibit the function of matrix metalloproteases (MMPs).
MMPs degrade collagen in dentin, and loss of their function is
thought to facilitate dentin remineralization (Zhao et al. 2018).

Few studies have reported examination of SDF-treated cari-
ous lesions in vivo and subsequent examination of these teeth
following exfoliation or extraction (Mei et al. 2014; Bimstein
and Damm 2018). We hypothesized that the interaction of SDF
with carious lesions could produce favorable alterations in the
demineralized carious tissue in a time-dependent manner. To
test this hypothesis, we examined the effect of SDF application
on the structure and elemental composition of dentin of carious
primary teeth at 3 time points. Spatial maps of mineral density
(MD) were correlated with elements colocalized on affected
carious dentin. Carious tooth structure was visualized using
high-resolution electron microscopy and X-ray spectroscopy
techniques.

Materials and Methods

Specimen Collection

Specimens were collected from patients at Boston Children’s
Hospital via an Institutional Review Board—approved protocol
(IRB-P00025055). Patients aged 3 through 10 y with cavitated
carious lesions in primary teeth were recruited for this pro-
spective study. Inclusion criteria were as follows: American
Society of Anesthesiology I or II, carious primary teeth that
were asymptomatic or had signs of reversible pulpitis only,
and caries that were directly accessible without removal of
tooth structure with a dental handpiece. No unhealthy patients
were included in this study because of potential confounders
(American Society of Anesthesiology III or higher). Exclusion
criteria were patients with caries extending to the pulp. A total
of 11 carious primary teeth were included in the study: SDF
untreated (no-SDF, n = 3), one-time SDF treated 2 min prior to
planned extraction (SDF-minutes, n = 3), one-time SDF
treated 3 wk prior to planned extraction (SDF-weeks, n = 4),
and SDF treated 5 times over a 2-y period prior to ultimate
extraction (SDF-multiple, » = 1). SDF (Advantage Arrest)
was applied for 60 s during each application per the usual
clinical protocol followed by the dental department at Boston
Children’s Hospital based on guidelines from the American
Academy of Pediatric Dentistry (“Chairside Guide” 2018).
Clinical radiographs were obtained prior to tooth extraction in

the course of routine clinical care (Fig. 1). Teeth were fixed in
10% neutral formalin solution and processed for laboratory
analysis.

MD Analyses with Micro X-ray Computed
Tomography

With  micro X-ray computed tomography (uXCT;
MicroXCT-200 [Carl Zeiss Microscopy]), specimens were
imaged at 2 magnifications: 2x (pixel size, 10 um) and 4x
(pixel size, 5 pm) at 80 kVp and 40 kVp of energy, respec-
tively. The reconstructed images of the specimens were ana-
lyzed with AVIZO 2019.2 software (Fisher Scientific).
Volumes of carious tooth structure and tertiary dentin were
measured after segmentation based on X-ray intensity and
structure. X-ray intensity values were converted to MD (mg/mL)
following a published calibration protocol (Djomehri et al.
2015). The MD profiles of regions of interest of selected speci-
mens were plotted with Fiji (Schindelin et al. 2012). The esti-
mated volumes of tertiary dentin from the 2 groups were
compared with an unpaired 7 test: no-SDF and SDF-minutes
(total n = 4) versus SDF-weeks (n = 4).

Elemental Mapping with X-ray Fluorescence
Microprobe

Whole specimens were sectioned along a mesial-distal plane
through the carious lesion with a slow speed saw. Elemental
maps, including phosphorus (P), calcium (Ca), zinc (Zn), and
silver (Ag), were collected with an X-ray fluorescence micro-
probe (uXRF) at beamline 10.3.2 of Advanced Light Source at
Lawrence Berkeley National Laboratory. Elemental distribu-
tion maps were collected with an incident beam energy of 10 keV
and a spot size of ~20 x 20 pum.

Surface Morphology and Elemental Composition
Analyses with FESEM and Energy-Dispersive
X-ray Spectroscopy

Following pXRF, the sectioned specimens were imaged with
FESEM (field emission scanning electron microscopy; SIGMA
VP500 Carl Zeiss Microscopy) at various magnifications at 1 keV to
obtain secondary electron (SE) images. Additional elemental
analyses were performed with an energy-dispersive X-ray
mode (Quantax EDS; Bruker Nano Inc.) to collect elemental
maps and spectra of carbon (C), oxygen (O), fluorine (F), P,
Ca, and Ag at 15 keV with a variable pressure mode.
Backscattered electron (BSE) micrographs were also collected
at 15 keV to delineate chemical compositions.

Colocalization and Correlative Image Analyses
of MD and Elemental Maps and
Immunolocalized Biomolecules

For spatial correlation of MD and elemental (P, Ca, Zn, Ag)
maps, 5 to 20 X-ray tomograms (number of tomograms
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Figure I. Mineral density (MD) and elemental maps of silver diamine fluoride (SDF)—treated carious teeth. Nine carious primary teeth in 3 treatment
groups were evaluated: no-SDF (teeth | to 3), SDF-minutes (teeth 4 to 6), and SDF-weeks (teeth 7 to 9). (A) Two-dimensional (2D) clinical X-ray
radiographs, (B) 2D slices within 3-dimensional (3D) volume-rendered structures, and (C) corresponding 2D virtual slices/tomograms in each
treatment group. (D) Region of interest (ROI; yellow rectangular box) in each 2D slice for all 9 teeth examined by an energy-dispersive X-ray unit.
Representative regions span the carious surface (0) to the pulp chamber (2) for teeth I, 4, and 9 (yellow arrows, direction; white arrows, Ag). (E)
Heterogenous MD profiles along the length of the ROI for each tooth obtained by micro X-ray computed tomography are illustrated. (F) Elemental
spatial maps of Ca, P, and Ag (white arrows) of representative ROls for each treatment group were obtained by energy-dispersive X-ray. B, bone; Car,

caries; De, dentin; PC, pulp chamber; T, teeth.

depended on specimen size) were selected and averaged to and higher MD regions. Spatial association between elements
account for the uXRF penetration depth. Tomograms display- was also analyzed with correlative maps (see Appendix S1
ing average MD were then translated, rotated, scaled, and File). Further data analyses and visualization were performed
cropped to register with corresponding elemental maps with in R version 3.6.3 (R Core Team 2020). Two-dimensional cor-
Avizo. Registered MD and elemental maps were analyzed with relative plots of MD-Zn, P-Zn, Ca-Zn, and Ag-Zn were
Fiji (Schindelin et al. 2012) for colocalization of elements and obtained to identify the spatial association of elemental Zn
subsequent correlation of colocalized elements with MDs. with other elements and in lower and higher MD regions.
Regions above mean counts of each element were segmented Higher and lower Zn regions were segmented with a threshold
and overlaid on MD maps to colocalize elements within lower of mean counts. Binary masks corresponding to higher and
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lower Zn regions were generated with Fiji, and these masks
were used to generate separate maps of MD, P, Ca, and Ag cor-
responding to higher and lower Zn regions. Histograms and
box plots of MD, P, Ca, and Ag within higher Zn and lower Zn
regions were obtained (see Appendix S2 File). Dentin matrix
protein 1 (DMP-1) and MMP-13 were immunolocalized in
SDF-treated specimens (see Appendix for details). Spatial cor-
relation of MMP-13 with Zn expression in tertiary dentin in
SDF-weeks carious specimen was performed.

Results

MD and Elemental Maps of Carious Teeth
Treated with SDF

The severity of carious lesions and strata of different MDs
within carious lesions were illustrated by the following:

e 2-dimensional clinical X-ray radiographs (Fig. 1A)

e 3-dimensional volume-rendered structures recon-
structed from 2-dimensional projections of specimens
scanned with pXCT (Fig. 1B)

e 2-dimensional virtual cuts within 3-dimensional struc-
tures of SDF-untreated teeth (no-SDF, teeth 1 to 3) and
one-time SDF-treated teeth that were extracted after 2 min
of treatment (SDF-minutes, teeth 4 to 6) and 3 wk of
treatment (SDF-weeks, teeth 7 to 9; Fig. 1C, D).

At a higher magnification, the SDF-treated specimens showed
higher MD near the lesion with brighter particles, whereas the
untreated lesions did not contain these particles. Quantification
of MD profiles (Fig. 1E) of these regions from the carious sur-
face to pulp illustrated a gradual increase in MD in no-SDF
specimens. This MD profile of no-SDF primary teeth con-
trasted with short but sharp multiple peaks near caries in SDF-
minutes and 2 dominant peaks in SDF-weeks. Elemental
spatial maps of representative regions of interest in no-SDF,
SDF-minutes, and SDF-weeks specimens (Fig. 1F) illustrated
distributions and colocalization of Ca, P, and Ag elements.
Higher Ag content was observed in SDF-treated carious
lesions. Ag in SDF-minutes was localized to higher MD zones
at the outer margins of the carious lesion as compared with a
subsurface localization that was observed in primary teeth
treated with SDF for weeks. Higher MD peaks also illustrated
higher Ca, P, or Ag in carious regions.

Distributions of Elemental Ca, P, Zn, and Ag
and MD Depth Profile of Carious Teeth

MD from pXCT and elemental maps of Ca, P, Zn, and Ag from
uXRF of SDF-minutes and SDF-weeks are shown in Figure 2A
and 2B. SDF-minutes illustrated smaller and brighter particles
of dispersed Ag particles. SDF-weeks illustrated Ag in tubules.
The SDF penetration depths in SDF-minutes and SDF-weeks
were ~0.5 £ 0.02 and ~0.6 £ 0.05 mm (mean = SD), respec-
tively (Fig. 2C, D). Higher-intensity peaks of Ca and P (light

blue arrows) within carious lesions indicated less demineral-
ized areas or a potentially remineralizing region. Some higher
MD regions contained higher counts of P compared with Ca
(light purple arrow), and Zn was relatively higher in these
regions (light purple area, Fig. 2D).

Morphology and Spatial Distribution of Silver
in Carious Primary Teeth

Backscattered electron and SE scans of a representative tooth
from each treatment group were obtained at various magnifica-
tions, and Ag particles and patches (white arrows, Fig. 3) were
observed. Atomic percentages of each element (P, Ca, C, O,
Ag, N, F, S, Na, Mg) within each region (Fig. 3; obj 1 to 5)
were obtained with energy-dispersive X-ray spectroscopy
(EDX). In SDF-minutes specimens, most Ag particles accumu-
lated within intertubular dentin alongside bacteria (Fig. 3A). In
SDF-weeks, larger Ag particles and patches were observed
within the carious lesion (Fig. 3B). Multiple dentin tubules
were occluded by Ag (obj 4), while others were occluded by
calcium phosphate (obj 3). The average size of Ag particles
measured with BSE scans was 0.25 + 0.08 um, and Ag patches
were up to 1 mm long. A greater percentage of tubules were
occluded with Ag in SDF-weeks (~20%) as compared with
SDF-minutes (~6%). Infiltration of Ag particles along the
length of the tubules after multiple applications of SDF is
shown in Figure 3C.

Colocalization of Zn, P, Ca, and Ag in Regions
of Known MD

Spatial maps of MD with each element of SDF-minutes and
SDF-weeks are shown in Figure 4. Regions with elemental
counts above mean values were segmented (Fig. 4B, H). The
resulting spatial maps of elements were overlaid with MD
maps (Fig. 4C, I). Two distinct regions of higher Zn concentra-
tions in lower and higher MD regions were observed within all
specimens regardless of SDF treatment. Higher Zn counts
were observed in carious dentin and around the pulp chamber
(Fig. 4D, J). Zn counts were much lower in sound dentin and
inside the pulp chamber of the same tooth. Scatter plots illus-
trate higher and lower Zn regions (Fig. 4E, K). Broad peaks
from lower-to-higher MD, Ca, and P were observed within
higher Zn regions, and sharp peaks at higher MD, Ca, and P
were observed at lower Zn regions (Fig. 4F, L).

Tertiary Dentin in Carious Primary Teeth

Spatial correlation of MMP-13 with Zn expression in tertiary
dentin in SDF-weeks carious specimen is illustrated in
Appendix Figure 1. Volumes of carious teeth were segmented
into different volumes of carious lesions and tertiary dentin
inside the pulp chamber (Fig. SA, B). uXRF elemental spatial
maps illustrated higher Zn expressions within carious and ter-
tiary dentin regions located around and inside the pulp cham-
ber. Volume estimates of tertiary dentin were plotted against
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Figure 2. Varied distributions of elemental Ca, P, Zn, and Ag “shaped” the mineral density (MD) profiles unique to carious lesions treated with
SDF-minutes and SDF-weeks. MD (white) from micro X-ray computed tomography and X-ray fluorescence microprobe elemental maps of Ca (red),
P (pink), Zn (blue), and Ag (green) in carious primary teeth treated with a onetime SDF application and extracted (A) 2min after application (SDF-
minutes, tooth 4) and (B) 3 wk after application (SDF-weeks, tooth 9). Right-most panel shows Ag distribution at a higher magnification for both

treatment groups and indicates Ag distribution along the length of the dentinal tubules in the SDF-weeks group (yellow arrowhead). MD and elemental
profiles for regions of interest (ROls; yellow boxes) from the carious margin (0) to the pulp chamber () in panels A and B are shown for teeth treated
with SDF for (C) minutes (tooth 4) and (D) weeks (tooth 9). SDF penetration depth (light blue dotted rectangle) was estimated by spatially correlating
the MD profile with that of the Ag and Ca elemental profiles. The penetration depths of SDF-minutes and SDF-weeks were ~0.5 + 0.02 mm and

~0.6 £ 0.05 mm (mean £ SD), (yellow arrows, direction; white arrows, location of Ag particles) respectively. Ca and P peaks (light blue arrows) within
carious lesions indicated potentially remineralized areas. Increased P counts with decreased Ca counts (light purple arrow within purple rectangle)
were observed. Car, caries; De, dentin; PC, pulp chamber; SDF, silver diamine fluoride.

volume estimates of carious tooth structure for no-SDF, SDF-
minutes, SDF-weeks, and SDF-multiple (Fig. 5C). Unpaired ¢
test indicated significantly thicker tertiary dentin in teeth
treated with SDF over time (P = 0.04 with 95% CI). BSE and
SE imaging of carious lesions treated with SDF multiple times

illustrated spherulitic calcified structures within the pulp
chamber (orange box) characteristic of tertiary dentin (Fig.
5D). EDX maps illustrated relatively lower Ca and P atomic
percentages in less mineralized (obj 2) and least mineralized (obj
3) areas as compared with tubular sound dentin (obj 1, Fig. SE).



1104

Journal of Dental Research 100(10)

B SDF-weeks

Atom (%)
Obj1 Obj2
P 2.3 3.2
Ca 41 6.3

o] 51.2 453

Element

273 | 27.7
Cc
50 | -objt Ag 0.1 5.7
40 i
| obj2 N 138 | 88
@ 30 s
020 N " | Ca F 0.7 0.0
] | |
* MR e
00 7 3 ’437 P Na 0.3 0.6
Energy (keV) Mg 0.1 0.1

_ Atom (%)
Obj 3 | Obj 4
P 7.7 9.1

Element -

Ca 141 | 173
C 324 | 220

385 | 387
Ag | 00 | 34

obj3

40 ’Obj4 o Ca N 6.4 6.8
w 30 | ) F 04 | 09
o

AMog | \ s 01 | 04

LT TR

0 F‘u SR £ 0 0 ) Na 05 | 05

0 1 2 3 4 5
Energy (keV) Mg 0.1 0.2

Element Atom (%)
P 9.5
Ca 14.2
C 27.6
0 38.5
Ag 3.0
42
g 14
S 0.5
s Na 08
Energy (keV) Mg 0.4

Figure 3. Morphology and spatial distributions of silver (Ag) in primary teeth affected with caries. Teeth shown are from 3 treatment groups: (A)
SDF-minutes, (B) SDF-weeks, and (C) SDF-multiple. Backscattered electron (BSE) and secondary electron (SE) images of a representative tooth in
each treatment group were obtained at various magnifications (i—vi). Grayscale differences in BSE micrographs represent variations per the atomic
number of elements within regions of varying mineral densities and Ag particles (white arrows). Energy-dispersive X-ray spectra of the same regions
with atomic percentages of each element in specific regions (obj I, 2, 3, 4, 5) are presented in corresponding tables. Obj | to 4 were collected at a
spot size of | pm whereas Obj 5 was obtained from an area of 828 pmz. Objs | & 3, blue arrows; Objs 2 & 4, red arrows. Car, caries; En, enamel; PC,

pulp chamber; SD, sound dentin; SDF, silver diamine fluoride.

Discussion

This study highlights the key changes that occur following
SDF application in carious primary teeth. The effect of SDF
spans the carious dentin surface to the pulp chamber and

contributes to changes in the physiochemical properties of the
tooth.

The MD profile (Fig. 1) spanning the carious margin to the
pulp was heterogeneous. In untreated carious teeth, MD was
lowest at the carious margin, attributable to demineralization
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Figure 4. Colocalization of zinc (Zn), phosphorus (P), calcium (Ca), and silver (Ag) in regions of known mineral densities (MDs) and spatial
correlation between Zn and MD, Zn and Ca, Zn and P, and Zn and Ag in SDF-treated primary teeth. Spatial maps of MD and each element of SDF-
minutes (A=F) and SDF-weeks (G-L) are shown. Regions with MD or elemental counts above mean values were segmented (B, H), and resulting
elemental distribution maps were overlaid with MD maps (C, I). Higher Zn counts (above mean represented by yellow dotted line) were observed
in carious dentin and around the pulp chamber (D, J). Scatter plots (E, K) illustrate higher (yellow) and lower (gray) Zn regions, and box plots and
histograms of MD, Ca, P, and Ag within higher (red line) and lower (blue line) Zn regions are shown (F, L). Car, caries; PC, pulp chamber; SD, sound

dentin; SDF, silver diamine fluoride.

associated with caries, and gradually increased to a peak at
sound dentin. In SDF-treated teeth, an elevated MD at the cari-
ous surface paralleled the appearance of radiopaque borders
along the outer caries margin where SDF was applied. EDX
mapping confirmed that this radiopaque border was attribut-
able to increased silver particle accumulation in areas of greatest
dentin denaturation. Larger aggregates accumulated superfi-
cially at the outer carious margin, while smaller silver particles
were observed deeper and farther away from the carious lesion.
The notable increase in radiopacity observed within minutes of
SDF application, as well as weeks after application at the out-
ermost carious margin, suggests the immediate formation of a
hard barrier. This barrier may impede the progression of cario-
genic microbes or their metabolites into dentin. The depth of
silver penetration along dentinal tubules poses important
implications for the efficacy of SDF-mediated caries arrest and
pulpal response. Based on pXRF elemental analysis (Fig. 2),
silver accumulation within minutes of application was observed
to a depth of ~0.5 mm, increasing to ~0.6 mm after 3 wk. While
a majority of silver penetration along dentin tubules appears to
occur within minutes after application, the increase in SDF
penetration depth and tubule occlusion after 3 wk suggests a
time-dependent process. BSE and SE analyses illustrated accu-
mulation of silver-rich particles on intertubular dentin after
minutes of application and particles within tubular dentin after
3 wk of SDF treatment. Diffusive and capillary forces may
contribute to fluid flow within tubules over time. Pashley and
Matthews (1993) described diffusion across 1 to 2 mm of

healthy dentin to take 30 to 120 min with in vitro studies.
Additionally, directionality of dentin tubules and dentin per-
meability may contribute to penetration depth (Li et al. 2019).
The mean depth of silver penetration in this study is consistent
with previous studies (Li et al. 2019; Seto et al. 2020), with
variability likely resulting from differences in study design.
The significantly higher volume of tertiary dentin observed
by uXCT in SDF-treated primary teeth over time suggests an
SDF-mediated reactive or reparative dentin process (Larmas
and Sandor 2014). Tubular dentin occluded by silver particles
and mineralized structures rich in Ca and P in all SDF-treated
specimens (Fig. 3) illustrated an extrinsic and intrinsic adapta-
tion of dentinal tissue to microbial insult. A thin but higher MD
tissue is evident along the coronal pulp of untreated carious
primary teeth, which is characteristic of tertiary dentin depos-
ited in response to chronic infectious stimuli (Klinge 2001). A
3-dimensional examination of the full volume of carious lesion
and temporal comparison at 3 time points illustrated that the
promotion of a reparative process is a relatively early effect of
SDF application (i.e., within a few weeks). Globular calco-
spherites rich in Ca and P occupied the coronal predentin
region of carious primary teeth (Fig. 5), a phenomenon that has
been linked to secretory activity of the predentin during sec-
ondary dentinogenesis (Mishima and Kozawa 1998). Kirk and
Meyer (1992) described formation of calcospherites as a repar-
ative process following calcium hydroxide treatment of
exposed pulps in rat incisors. These findings support clinical
observations of SDF as an indirect pulp-capping agent and are
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Figure 5. Tertiary dentin in SDF-treated primary teeth. (A, B) Three-dimensional volume-rendered images and virtual sections overlaid with

mineral density segmented volumes illustrate different volumes of carious lesions (yellow) and tertiary dentin (green) inside the pulp chamber. X-ray
fluorescence microprobe elemental distribution maps demonstrate Ca (red), P (pink), and Zn (blue) expressions within carious and tertiary dentin
regions located around and inside the pulp chamber. (C) Volume estimates of tertiary dentin were plotted against volume estimates of carious lesions
for carious primary molars not treated with SDF, treated with SDF for minutes, treated with SDF for weeks, and treated with SDF multiple times. (D)
Backscattered electron (BSE) and secondary electron (SE) micrographs of carious lesions treated with SDF multiple times illustrate spherulitic calcified
structures within the pulp chamber (orange box). (E) Energy-dispersive X-ray maps show relatively lower Ca and P atomic percentages in less (obj

2) and least (obj 3) mineralized regions as compared with tubular sound dentin (obj I). Car, caries, PC, pulp chamber; SD, sound dentin; SDF, silver

diamine fluoride; TD, tertiary dentin.

consistent with previous histologic studies demonstrating ter-
tiary dentin formation following SDF application (Gotjamanos
1996; Korwar et al. 2015; Bimstein and Damm 2018).
However, further histologic studies should be done to elucidate
the cellular mechanisms associated with tertiary dentin forma-
tion associated with SDF treatment.

WXRF (Fig. 4) revealed the presence of Zn along the cari-
ous surface and pulp chamber of teeth untreated and treated
with SDF. To our knowledge, this is the first study to colocal-
ize elements and contextualize these findings through correla-
tive imaging analyses. In particular, Zn localization within the
tooth structure of carious teeth treated with SDF was mapped.
Zn has been demonstrated to play a role in biomineralization
of tissues in teeth (Charadram et al. 2013). In the case of teeth,
Zn can be introduced from exogenous routes (Cummins and
Creeth 1992; Barceloux 1999). However, the observed ele-
vated Zn is proposed to be in the reactionary dentin and pre-
dentin of carious teeth; the anatomy-specific presence could
be its regulatory role in biomineralization in response to cari-
ous insult. Zn has also been identified in calcospherites of
healthy teeth, suggesting its presence to be a prerequisite to
tertiary dentin formation (Hietala and Larmas 1991). Higher
Zn regions within the carious lesion and in the mineralized

regions lining the pulp chamber and lower Zn regions observed
on sound dentin may indicate a Zn-dependent biomineraliza-
tion process in regions necessitating tissue repair. Zn was
colocalized to regions of tertiary dentin, which was more
abundant in SDF-weeks and SDF-multiple carious specimens
(Fig. 5). Thus, in addition to providing a mechanical barrier to
carious stimuli, SDF may be inducing an adaptive pulpal
response to enhance mineral deposition by odontoblasts as a
protective defense against microbial stimuli. Within sclerotic
dentin situated between carious dentin and sound dentin, a
higher MD profile coupled with higher levels of Zn and P and
lower levels of Ca was observed. This mineralization pattern
may indicate regions higher in zinc phosphate, which is less
soluble than calcium phosphate (Charadram et al. 2013) and
contributes to a higher MD. Within the volume of the carious
lesion, Zn may be interacting with MMPs and alkaline phos-
phatase to promote degeneration of matrix proteins, resulting
in the release of growth factors and signaling molecules and,
in turn, remineralization of dentin (Okamoto et al. 2018). The
localization of Zn in carious teeth is unclear and warrants
exploration. These findings, however, introduce a potentially
unique role that Zn may play in the pathogenesis and treat-
ment of caries.
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Overall, the results of this study indicate that the interaction
of SDF with the dentin-pulp complex ultimately alters the
physicochemical properties of the tooth, and these alterations
contribute to the mechanism of action of SDF in caries arrest
and desensitization, including tertiary dentin formation. Spatial
maps of elements spanning the carious margin to the pulp illus-
trate the significance of the “flocking” of these elements,
including trace metals that could play a role in forming min-
eral, which could either be biologically controlled or induced.
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