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Abstract

Silver diamine fluoride (SDF) is found to promote remineralization and harden the carious lesion. Hydroxyapatite crystallization is a
crucial process in remineralization; however, the role of SDF in crystal formation is unknown. We designed an in vitro experiment
with calcium phosphate with different SDF concentrations (0.38, 1.52, 2.66, 3.80 mg/mL) to investigate the effect of this additive on
the nucleation and growth of apatite crystals. Two control groups were also prepared—calcium phosphate (CaCl -2H,O + K HPO, in
buffer solution) and SDF (Ag[NH_],F in buffer solution). After incubation at 37 °C for 24 h, the shape and organization of the crystals
were examined by bright-field transmission electron microscopy and electron diffraction. Unit cell parameters of the obtained crystals
were determined with powder X-ray diffraction. The vibrational and rotational modes of phosphate groups were analyzed with Raman
microscopy. The transmission electron microscopy and selected-area electron diffraction confirmed that all solids precipitated within
the SDF groups were crystalline and that there was a positive correlation between the increased percentage of crystal size and the
concentration of SDF. The powder X-ray diffraction patterns indicated that fluorohydroxyapatite and silver chloride were formed in
all the SDF groups. Compared with calcium phosphate control, a contraction of the unit cell in the a-direction but not the c-direction
in SDF groups was revealed, which suggested that small localized fluoride anions substituted the hydroxyl anions in hydroxyapatite
crystals. This was further evidenced by the Raman spectra, which displayed up-field shift of the phosphate band in all the SDF groups and
confirmed that the chemical environment of the phosphate functionalities indeed changed. The results suggested that SDF reacted with
calcium and phosphate ions and produced fluorohydroxyapatite. This preferential precipitation of fluorohydroxyapatite with reduced
solubility could be one of the main factors for arrest of caries lesions treated with SDF.
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Background phosphate could be responsible for the prevention of dental
caries and the hardening of a carious lesion. However, Suzuki
et al. (1974) demonstrated the formation of CaF by mixing
enamel powder with an SDF solution, but the amount of CaF,
dropped significantly when the materials were immersed into
artificial saliva. They also found that silver phosphate disap-
peared after being immersed in artificial saliva and was replaced
by silver chloride (AgCl) and silver thiocyanate. In addition,
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Silver diamine fluoride (SDF) is a topical fluoride solution that
has been used for caries management. Unlike other fluoride
products that prevent the formation of new caries, SDF is capa-
ble of efficiently halting the caries process (Gao et al. 2016).
Recently, this caries-arresting property of SDF has drawn
much attention from dental clinicians and researchers. SDF has
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but the CaF_-like material dissolved and disappeared after
washing with water. Therefore, the mode of SDF action is still
unclear.

The high concentration of calcium and phosphate in saliva
is the major mineral source in the oral environment. The con-
tribution of calcium, phosphate, and hydroxyl ions present in
saliva to apatite deposition is fundamental. However, to the
best of our knowledge, there has been no study to investigate
the role of SDF as an additive in synthetic apatite crystalliza-
tion experiments. It is therefore worthwhile to study mineral
structures formed in the presence of SDF to gain insights into
these complex reactions (Beniash et al. 2005). Thus, this study
aimed to observe the effect of SDF on hydroxyapatite crystal-
lization occurring in vitro, whereby the observed apatite depo-
sition was described with a simplified chemical model. The
null hypothesis was that SDF had no effect on crystal
formation.

Materials and Methods

Mineralization Reaction

The reaction was performed in a Tris-buffered saline (TBS)
consisting of a 50mM Trizma base and 150mM sodium chlo-
ride (NaCl) in Milli-Q water set at pH 7.40. Apatite precipita-
tion was achieved by incubating CaCl, (5.88mM; Merck Ltd.)
with K HPO, (4.12mM; Merck Ltd.) in TBS at 37 °C for 24 h,
as described (Habraken et al. 2013), in the presence or absence
of different concentrations of SDF: 0.38 mg/mL (fluoride con-
centration: 45 ppm), 1.52 mg/mL (180 ppm), 2.66 mg/mL (314
ppm) and 3.80 mg/mL (448 ppm). These 4 groups containing
SDF were called SDF groups. The calcium phosphate control
contained CaCl, + K HPO, but no SDF. The SDF control com-
prised 0.38 mg/mL SDF in the TBS without CaCl -2H O +
K _HPO, The final pH values of each reaction were measured
with a pH electrode. Samples were then analyzed with trans-
mission electron microscopy (TEM) with energy-dispersive
X-ray spectroscopy (EDS), powder X-ray diffraction (P-XRD),
and Raman spectroscopy (detailed later). The experiment was
done in triplicate.

Transmission and Scanning Electron
Microscopy Analysis

For TEM and EDS analysis, formvar/carbon-coated 200-mesh
Ni TEM grids (Agar Scientific) were plasma treated for 40 s
with a Quorum sputter coater prior to use. The grids were
floated upside down over a 2-mL reaction solution in a 24-well
plate. At the end of the reaction, the grids were rinsed with
Milli-Q water, blotted against filter paper, air-dried, and ana-
lyzed by TEM. TEM analysis was performed with a Technai
F20 (FEI) equipped with a field emission gun and an Tietz CCD
camera (8 X 8 k; Beniash et al. 2005). Ten crystal units were
selected randomly from the TEM images, and the width and
length of the crystal unit were measured with the image analysis
software Image] (National Institutes of Health). The changes in
proportions of the crystals for each group were calculated per

the difference between the means of each group divided by that
of the calcium phosphate control group. Selected-area electron
diffraction was performed to determine the crystallographic
parameters of the investigated samples. EDS was used to char-
acterize the chemical composition of the precipitates and quan-
tify the fluoride/calcium and fluoride/phosphorus ratios by
dividing the mean atomic percentage of fluoride by either that
of the calcium or that of the phosphorus.

Powder X-ray Diffraction

The reaction solution was centrifuged at 5,000 g, and the pellet
was collected and washed thoroughly by Milli-Q water and
resuspended into ethanol. A drop (~10 pL) of this suspension
was deposited on a low-background Si-substrate, and the sol-
vent was allowed to evaporate. The samples were then ana-
lyzed with a Bruker D2 Phaser P-XRD diffractometer equipped
with a CuKa lamp (A = 1.54056 A). Data collection parameters
included the following: 20 range = 20° to 60°, step size = 0.02°,
and scan speed = 0.5 s/step. Hexagonal unit cell parameters «
and ¢ were calculated according to Bragg’s equation, from the
(300) and (002) reflections observed in the recorded P-XRD
patterns (Liu et al. 2013):

_nh
2sinf’

where d is the distance between symmetry-equivalent diffrac-
tion planes, # is the consecutive natural number, A is the wave-
length, and 0 is the incident angle of the X-ray beam.

Raman Spectroscopy

Raman spectra of the samples were recorded with a Renishaw
InVia Raman microscope system (3 accumulations; range, 900
to 1,500 cm™) equipped with a 785-nm laser. The laser spot
size was approximately 3 pm and focused on the growth elec-
trode, and the power was kept <I mW/um?. All spectra were
recorded at ambient temperature (Chen et al. 2015).

Statistical Analysis

The length and width of the crystal were assessed for a normal
distribution via the Shapiro-Wilk test for normality. One-way
analysis of variance with Bonferroni post hoc tests was used to
detect differences between groups. Analyses were performed
with the computer software SPSS 19.0 (IBM Corporation).
The level of statistical significance was set at 0.05.

Results

The TEM images revealed the morphology of experimental
groups and corresponding SEAD and EDS results. Apatite crys-
tals that formed in the absence of SDF exhibited the characteris-
tic plate-shape morphology (Kokubo et al. 2003), and
selected-area electron diffraction showed the typical reflections
corresponding to the (211), (002), and (112) planes of apatite.
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Figure |. Transmission electron microscopy data of experimental groups. Calcium phosphate control
group: (A) morphology, (B) SAED pattern, (C) EDS spectra. SDF group, 0.38 mg/mL: (D) morphology,
(E) SAED pattern, (F) EDS spectra. SDF group, 1.52 mg/mL: (G) morphology, (H) SAED pattern, (I)
EDS spectra. SDF group, 2.66 mg/mL: (J) morphology, (K) SAED pattern, (L) EDS spectra. SDF group,
3.80 mg/mL: (M) morphology, (N) SAED pattern, (O) EDS spectra. No crystal was detected in the
SDF control group (no calcium phosphate). Ca, calcium; EDS, energy-dispersive X-ray spectroscopy;

F, fluoride; O, oxygen; P, phosphorus; SAED, selected-area electron diffraction; SDF, silver diamine
fluoride.

plate-shaped crystals (no SDF) to
round-ended prismatic morphology
(Fig. 1D-0). Selected-area electron
diffraction showed the reflections
corresponding to the (002), (211),
and (112) planes, confirming that
these crystals were made of apatite.
Furthermore, the recorded EDS
spectra contained a signal attributed
to fluoride, in addition to Ca and P,
confirming that fluoride was present
in the investigated apatite samples.
Interestingly, as the concentration of
SDF increased, the crystals became
longer and thicker. The width of the
crystals (mean + SD) were 14 + 4 nm
®,33+3nmm @,79+ 14nm ®, 117
+ 17 nm @ and 126 = 6 nm ® in the
following groups, respectively: cal-
cium phosphate control (no SDF),
0.38 mg/mL (SDF), 1.52 mg/mL,
2.66 mg/mL, and 3.80 mg/mL
(O<@<B@<®, ®; P <0.001). The
length of the crystals (mean + SD)
were 137 £ 25 nm @, 273 £ 72 nm
@,497 +£55n1m @, 547 + 94 nm @
and 650 + 49 nm ® in the following
groups, respectively: calcium phos-
phate control (no SDF), 0.38 mg/mL
(SDF), 1.52 mg/mL, 2.66 mg/mL,
and 3.80 mg/mL O<@<®, ®<®;P
< 0.001). Their aspect ratios (width
divided by the length) also changed,
going from 0.10 to 0.19. There was a
positive correlation between the
increased percentage of crystal size
and the concentration of SDF (Fig.
2). The increase in the width was
much larger than that of the length,
as reflected in the change in the
aspect ratio found in Figure 2A (m =
2.20) to that found in Figure 2B (m =
0.91). As expected, no hydroxyapa-
tite crystal was detected in the SDF
control (no calcium phosphate)
group.

There was a steady increase of
fluoride/calcium and fluoride/phos-
phorus ratios in the crystal when SDF
concentration went up (Table). The
reaction conditions were alkaline in
all the SDF groups, and the pH values
increased when SDF concentrations
increased. The pH value measured in

EDS confirmed the presence of Ca and P (Fig. 1 A—C). The addi- the group containing calcium phosphate was 7.07; this drop of
tion of increasing concentrations of SDF to the reaction resulted pH from the original 7.40 suggested that a hydroxyl ion was
in a change in the morphology of the crystals, shifting from incorporated into crystal and that more hydrogen ions were
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Table. Calculated Hexagonal Unit Cell Parameters a and ¢ Axes, F/Ca, F/P, and Final pH in Experimental Groups.

P-XRD, A
SDF,* mg/mL a-axis c-axis F/Ca F/P Final pH
None® 9.577 £ 0.0012 6.833 £ 0.0010 N/A N/A 7.07 £0.02
0.38 9.554 £ 0.0011 6.833 £ 0.0010 0.022 £ 0.002 0.043 £ 0.006 8.02 £ 0.0l
1.52 9.552 + 0.0036 6.833 £ 0.0010 0.037 + 0.007 0.055 * 0.006 8.14 £ 0.0l
2.66 9.548 + 0.0024 6.833 £ 0.0010 0.043 + 0.004 0.070 + 0.009 8.60 £ 0.02
3.80 9.542 + 0.0047 6.833 £ 0.0010 0.072 + 0.005 0.1l £0.011 895+ 0.0l

All the data are normally distributed. Values are presented as mean + SD.

F/Ca, fluoride/calcium; F/P, fluoride/phosphorus; N/A, not applicable; P-XRD, powder X-ray diffraction; SDF, silver diamine fluoride.

*No crystal was detected in the SDF control group (no calcium phosphate).

®Calcium phosphate control.

released (Habraken et al. 2013). All the results indicate the for-
mation of fluorohydroxyapatite in all of the SDF groups, whereby
the fluoride content increased with SDF concentration.

The typical P-XRD pattern of the experimental groups is
shown in Figure 3A. The P-XRD analysis indicated that the
solids precipitated in the calcium phosphate control group scat-
tered X-rays similarly to hydroxyapatite. However, the reflec-
tions were sharper in SDF groups than in the calcium phosphate
control group—in particular, the hydroxyapatite (211) and
(300) reflections. The (300) reflections in SDF groups were
shifted slightly from ~32.3° (20) to ~33.2° (20) as compared
with the calcium phosphate control group (Fig. 3B). The (002)
reflection was not significantly changed. This pattern of reflec-
tion is similar to the one of fluorohydroxyapatite previously
reported (Chen and Miao 2005). These shifts also reflect the
contraction of the calculated unit cell parameters, as summa-
rized in the Table. Apart from apatite, the strong reflections at
27.88°, 32.28°, and 46.28° in the SDF groups and the SDF
control group (no calcium phosphate) were coincident with
AgCl (111), (200), and (220) reflections, which suggested that
AgCl precipitated as a separate phase in the SDF-containing
samples. Traces of silver oxide were also detected in the
0.38-mg/mL SDF group.

The Raman spectra showed that all experimental groups
displayed a strong PO 43' band at ~960 cm™', except for the SDF
control group (no calcium phosphate; Fig. 4). The PO4> band
associated with the P-O stretch shifted from 961 cm™ in the
calcium phosphate control group (no SDF) to ~965 cm™ in
SDF groups, indicating a change of the phosphate group envi-
ronment and suggesting—based on the composition of the
reaction mixture—a substitution of the hydroxyl groups with
more electronegative fluoride anions.

Discussion

This study was the first to investigate the effect of SDF on rem-
ineralization progress in the context of crystal formation. The
null hypothesis was rejected according to the results of this
research. SDF clearly altered the crystal structure of the precipi-
tated minerals, and its presence enabled the formation of fluoro-
hydroxyapatite. This observation helps to build the understanding
of the role of SDF in the remineralization of caries.
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Figure 2. Pearson correlation between the percentage increase of
crystal size and SDF concentrations. (A) The correlation between
percentage increase of width of crystal and SDF concentration
(coefficient R? = 0.95, slope m = 2.20). (B) The correlation between
percentage increase of length of crystal and SDF concentration
(coefficient R? = 0.90, slope m = 0.91). SDF, silver diamine fluoride.

In this study, we adopted a buffered calcium phosphate sys-
tem to perform the reaction; this system has been shown to be
able to start an initial deposition of amorphous calcium phos-
phate, and it favors subsequent transformation into small crys-
tals of apatite and ultimate growth of ripening of those crystals
(Termine and Posner 1970). However, this might be different
from the real situation. Another limitation of the chemical sys-
tem is the lack of biological component, in which the role of
silver could be underestimated. This chemical system is very
different from complex in vivo situation; thus, caution should
be exercised in data interpretation.

Although the commercial SDF solution (Saforide) has a high
concentration of silver (255,000 ppm) and fluoride (448,000
ppm), clinical treatment will consist of a onetime application of
a minute volume of the solution (0.22 + 0.07 mg) to carious
lesions (Chu et al. 2012). In the clinical setting, the SDF will be
readily diluted by saliva in the oral cavity. The volume of saliva
in the mouth is around 0.60 mL (Lagerl6f and Dawes 1984). The
concentration of SDF per application is approximately 0.22/0.60,
or 0.36 mg/mL. Given this assumption, we arbitrarily selected
several concentrations from 0.38 to 3.80 mg/mL in this study.

Saliva plays a crucial role in the caries remineralization
progress. It is a buffered system, supersaturated with respect to
calcium phosphate, whereby proline- and tyrosine-rich proteins
inhibit the excessive nucleation of apatite phases (Schwartz et
al. 1992). The salivary activities of calcium and phosphate ions
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Figure 3. Typical powder X-ray diffraction patterns of the experimental
groups: (A) range, 20° to 60°; (B) range, 30 to 35°. SDF, silver diamine
fluoride.

are important because both species are part of the hydroxyapa-
tite unit cell. Therefore, saliva offers a protective and reparative
environment for teeth. The calcium and phosphate ions pro-
vided by CaCl, + K HPO, in TBS were a basic simulation of
this salivary environment. TEM grids were explicitly floated
upside down during the incubation to prevent the sedimentation
of particles formed by homogeneous nucleation on their sur-
faces (Majewski and Allidi 2006). In this study, we demon-
strated that SDF reacted with calcium and phosphate from the
salivary environment and formed fluorohydroxyapatite. Apart
from the salivary environment, the residual mineral crystals of
the tooth could be another important factor of remineralization;
the crystals serve as nucleation site for the newly formed fluo-
rohydroxyapaptite to precipitate (Peters et al. 2010), or they
promote the ion exchange of F~ for OH (Ogard et al. 1994).
However, the exchange of the F* for OH  requires an acidic
microenvironment to dissolve the tooth mineral to release OH'.
SDF is very alkaline (pH ~10). This alkaline property matches
the favorable condition to synthesize fluorohydroxyapatite in
chemistry (Chen and Miao 2005), which may hasten the reac-
tion process by promoting precipitation.

The hydrogen ions (H") of the hydroxyapatite were arranged
in the atomic interstices neighboring the oxygen ions (O”). The
OH' conferred a certain degree of disorder to the crystal struc-
ture of hydroxyapatite (Chen and Miao 2005). An increase in the

Figure 4. Raman vibrational spectra of the experimental groups: range,
930 to 1,000 cm'. SDF, silver diamine fluoride.

vibrational frequency of phosphate in the SDF groups was
observed in Raman spectra, which indicates the substitution of
OH’ with more electronegative F* (Chen et al. 2015). The isotro-
pic distribution of charge on F~ anions allows for a better fit in
the lattice as compared with the larger asymmetric OH ion
(Robinson et al. 2004), thus reducing lattice microstrain and
enabling fluorohydroxyapatite crystals to form larger particles. This
alternating arrangement produces a fairly well-ordered apatite
structure, which is characterized with increased thermal and
chemical stability when compared with hydroxyapatite (Chen
and Miao 2005). In addition, since F~ is smaller than OH’, the
substitution results in a noticeable contraction in the a-axis
dimensions of the lattice (Table; Wei et al. 2003; Liu et al. 2013).

The P-XRD pattern showed that the calcium phosphate
control group diffracted poorly (Fig. 3). It is plausible that the
unit cell of calcium phosphate was large and flexible enough to
accommodate other matters. This reduced the X-ray coherence
length and resulted in broader reflections with Low intensities.
P-XRD relies on Bragg’s law. There is no scattering when there
is no d-spacing. In addition, the Ca/P ratio was 1.95 in the 0.38-
mg/mL SDF group. However, for the SDF concentrations
>1.52 mg/mL, the ratios varied between 1.48 and 1.62, which
was consistent with apatite minerals. Furthermore, EDS pro-
vided a semiquantitative view of the elemental composition in
the inspection field in units of weight/atomic percentage. It
might not be suitable to determine the precise stoichiometric
determination of the ratios between calcium and phosphate in
the samples.

We detected enlarged apatite crystal sizes in the SDF
groups, and the size of the crystals increased with the increase
in SDF concentration. This is consistent with a previous bone
study, which showed that fluoride uptake is accompanied by an
increase in the apatite crystal size (Eanes and Hailer 1998). It
is plausible that the introduction of well-localized, isotropic,
negatively charged F~ increases the stability of the structure
and reduces the amount of defects related to the lattice strain.
Therefore, single-crystalline domains may grow larger before
their growth is interrupted by a crack or irreparable dislocation.
We also found that this increase of crystal size took place
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predominantly in its width but not in its length (Fig. 2). Fluoride
stabilized preferentially the lateral growth against aberrant out-
growths, thus promoting a more orderly growth of new accre-
tion layers (Eanes and Hailer 1998). The collagen matrix plays
an important organizational role in establishing the manner of
the crystal arrangements as well as placing some spatial con-
straints on their size and shape (Eanes and Hailer 1998).
Further studies can be performed to address this aspect.

We did not find CaF , probably because of the low concentra-
tion of SDF used in this study. Other studies found that CaF, was
not stable (Suzuki et al. 1974; Lou et al. 2011). The amount of
CaF, significantly dropped after being immersed into artificial
saliva (Suzuki et al. 1974) or disappeared after being washed with
water (Lou et al. 2011). Although immersion into artificial saliva
or washing with water was to mimic the salivary fluid in a clinical
situation, this way of rinsing samples after exposure to SDF was
susceptible to remove surface precipitation. Ogard et al. (1994)
showed that CaF, serves as a source of fluoride for the formation
of fluorapatite. However, other investigators questioned the for-
mation of CaF_ within clinically relevant exposure times from
concentrated fluoride solutions (Bruun and Givskov 1993; Attin et
al. 1995). Attin et al. (1995) showed that 80% of the CaF2 was lost
in 5 d after fluoride varnish application. Bruun and Givskov
(1993) reported that CaF 5 (or its likes) was not formed in measur-
able amounts on sound tooth. It is generally agreed that a fluoride-
releasing reservoir system is effective at low pH (Ogard et al.
1994; ten Cate 1997). SDF is alkaline. Its mechanism can be dif-
ferent from other acidic fluoride products. We found that SDF
played a role in crystallization and induced the formation of fluo-
rohydroxyapatite. The signature of silver was not detected in the
TEM/EDS experiment, which confirms that silver ions do not
occlude within the newly formed fluorohydroxyapatite lattice.
The only species originating from SDF that clearly had an effect
on fluorohydroxyapatite precipitation were the fluoride anions
that substituted the hydroxyl ions in the crystal.

Apart from calcium phosphate, AgCl is a principal silver
product that was detected with P-XRD. This result is consistent
with previous studies (Suzuki et al. 1974; Mei, Ito, et al. 2013).
AgCl has a low solubility (8.9 x 10” g/100 mL), which might
also contribute to the increased hardness of a carious lesion.
Nevertheless, it has been shown that a silver ion has an antibac-
terial effect against cariogenic bacteria (Chu et al. 2012; Mei,
Chu, et al. 2013; Mei, Li, et al. 2013) and inhibits the collage-
nases degrading of dentine collagen (Mei et al. 2012; Mei, Ito,
Cao, Li, et al. 2014).

In summary, the present study demonstrated that SDF reacts
with calcium and phosphate ions and produces fluorohydroxy-
apatite. This preferential precipitation of fluorohydroxyapatite
with reduced solubility could be one of the main factors for
arrest of caries lesions treated with SDF.
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