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1. INTRODUCTION

Numerous clinical reports have demonstrated that fluoride ion
treatment is effective in preventing tooth decay.1�3 Accordingly,
fluoride is used as a common component of toothpastes and
mouth rinses, and tap water is fluoridated as a cost-effective
method for widespread prevention of dental caries. However,
excessive uptake of fluoride causes enamel fluorosis, a condition
that causes tooth formation defects, brown stains, and pitting on
tooth surfaces.4�7 There are also controversial links between
fluoride and cancers or osteoporosis.8,9 Although fluoride is
critically important to our health, a molecular level understand-
ing of its effects on tooth demineralization and remineralization
processes remains elusive10 due to the complexity of tooth
enamel structure, the lack of well-defined model systems, and
the technological limitations associated with taking precise
measurements on tooth surfaces.

Dental decay is a complex, multistep process initiated by
bacteria-induced acid erosion of tooth enamel. The mineral
component of enamel is composed mainly of calcium-deficient
hydroxyapatite (HAP, Ca10(PO4)6(OH)2), crystals with various
impurities, mainly carbonate ions.11,12 The cariostatic effect of
fluoride ions originates from their ability to inhibit the initial
erosion step. To study this process, bulk solution phase kinetic
data, such as transient calcium and phosphate concentrations,
have been obtained during apatite dissolution.13�15 However,
bulk solution characterization techniques do not provide infor-
mation regarding crystal surface phenomena. Therefore, surface-

sensitive techniques such as elemental depth profiling using XPS
on enamel and synthetic crystals have been performed to provide
information on the effects of fluoride treatment on surface
chemistry.16,17 Dissolution inhibition is believed to be accom-
plished through the incorporation of fluoride ions on HAP
surfaces by ion exchange with HAP’s hydroxide ions whereby
fluoride-substituted apatite surfaces can form, which are several
hundred times less soluble than HAP in aqueous solution. In
addition, fluoride treatments can create fluoride reservoirs that
promote remineralization.16,18�22 A missing aspect of previous
studies on fluoride ion treatment is dynamic, surface structure-
dependent information. This information may be critical to our
understanding of the role of fluoride ions because reactions
occurring at solid/liquid interfaces are significantly influenced by
local surface structures such as structural or stoichiometric
defects, kinks, and molecular steps as shown in recent micro-
scopic kinetic studies using surface probe microscopy
techniques.23�26 Here, we report on the molecular level mechan-
ism of fluoride ion-mediated inhibition of HAP dissolution by
direct observation of atomically well-defined HAP crystal sur-
faces using atomic force microscopy (AFM). Through real-time
observation, we examined the role of the fluoride ions in a
concentration dependent manner. On the basis of our
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ABSTRACT: Fluoride ions play a critical role in preventing
tooth decay. We investigated the microscopic effects of fluoride
ions on hydroxyapatite (100) surface dissolution using in situ
atomic force microscopy. In the presence of 10 mM NaF,
individual surface step retraction velocities decreased by about a
factor of 5 as compared to NaF-free conditions. Importantly,
elongated hexagonal etch pits, which are characteristic of (100)
surface dissolution, were no longer observed when NaF was
present. The alteration of pit shape is more distinct at a higher
NaF concentration (50 mM) where triangular etch pits evolved
during dissolution. Furthermore, in a fluoride concentration
typical for tap water (10 μM), we observed roughening of individual step lines, resulting in the formation of scallopedmorphologies.
Morphological changes to individual steps across a wide range of fluoride concentrations suggest that the cariostatic capabilities of
fluoride ions originate from their strong interactions with molecular steps.
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observations, we also propose that fluoride ions’ cariostatic
capabilities in part originate from strong interactions with
molecular steps.

2. EXPERIMENTAL SECTION

2.1. Preparation of Single Crystal HAP.We synthesized single
crystal HAP using molten salt synthesis.27 Potassium sulfate was chosen
as the molten salt. Amorphous HAP powder (20.0 g) was mixed with
potassium sulfate (24.0 g). This mixture was transferred into an alumina
crucible and placed inside a furnace. The mixture was heated to 1190 �C
over 3 h and cooled naturally by turning off power to the furnace. The
mixture inside the furnace was washed three times with DI water to
remove potassium sulfate and filtered. The resulting HAP showed an
elongated hexagonal rod shape.
2.2. Collection of AFM Images and Data Analysis. All AFM

images were obtained in contact mode under pH 6.00 buffer (10 mM,
citrate buffer) with different NaF concentrations (spring constant of
cantilever: 0.09 N/m) using a commercial AFM (MFP3D, Asylum
research, Santa Barbara, CA). To maintain the same NaF concentration
during acquisition of AFM images, we flowed buffer containing different
NaF concentrations into a fluid cell using a syringe pump (KDS270, KS
Scientific, Holliston, MA) with a flow rate of ∼10 mL/h. To eliminate
the observation of artifacts by the AFM tip due to the high normal forces
applied to the HAP surface, we varied the scanning direction, size, angle,
and force over the course of image acquisition. Individual step retraction
velocities were measured by the end to end distance of the etch pits
instead of from a fixed point as a reference to reduce errors that could
arise due to thermal drift. By measuring the size of etch pits along the
[010] and [001] directions at various time points, we obtained the
individual step retraction velocities. From eight different etch pits, which
were spatially and temporally unique, we obtained the average step
velocities and step densities at various fluoride concentrations. Step
density is determined by counting the number of steps per unit length
along the [010] or [001] direction.

3. RESULTS AND DISCUSSION

Figure 1A shows an SEM image of HAP obtained by molten
salt synthesis.27 The resulting whiskers have a [001] direction
elongated hexagonal rod shape and are mainly covered by six
equivalent (100) surfaces (Figure 1B). Powder X-ray diffraction
(XRD) patterns of HAP crystals were reported previously (data
not shown).28�30 XRD analysis verified that the crystal phase of

our sample is free from R-tricalcium phosphate, which can
commonly form during HAP synthesis if the reaction is
overheated.

We observed HAP (100) surfaces under flowing pH 6.00
buffer conditions without and then with 10 mM NaF. Under DI
water conditions, the (100) HAP surface exhibited little change
over the course of a few hours. With the addition of acidic buffer,
the (100) HAP surface began to erode in a surface structure-
dependent manner. We initially fixed the total ionic strength at
50 mM using NaCl to minimize ionic strength effects because we
previously observed that ionic strength also affects dissolution
kinetics.29 Figure 2A shows an AFM image after 6 h of exposure
to acidic buffer without NaF (pH 6.00, 50 mM NaCl). Dissolu-
tion proceeded by stochastic formation of elongated hexagonal-
shaped etch pits with quantized step heights (∼0.82 nm)28,29 and
continued via the retraction of these steps (Figure 2A and movie
S1). The step heights corresponded to the interlayer distance
between (100) planes. After exposure to NaF-free buffer, we
switched the buffer to one containing NaF (pH 6.00, 40 mM
NaCl, 10 mM NaF) and observed morphology changes on the
(100) HAP surfaces. We measured step velocities in a crystal-
lographic direction-dependent manner by analysis of sequential
images that were collected every 260 s. We found that step
retraction velocities decreased by about a factor of 5 (Figure 2C)
as compared to the NaF-free buffer. Step velocities (pm/s) along

Figure 1. Hydroxyapatite structures. (A) An SEM image of single
crystalline HAP. (B) A model of an elongated hexagonal rod-shaped
HAP crystal. The specific crystallographic directions and facets are
indicated.

Figure 2. Effect of fluoride ions on HAP dissolution. (A and B) AFM
images in pH 6 buffer having 0 M (A) and 10 mM (B) NaF concentra-
tion. The shaded bar on the right represents the relative vertical profile.
The sizes of the images are 1.0 � 2.0 μm. (C) Dependence of step
velocity on the NaF concentration. Two step velocities in pm/s along
the [010] and [001] directions are 14 and 35 at 0 M and 2.6 and 6.1 at
10 mM NaF, respectively. (D) Dependence of step density on the NaF
concentration across the [010] and [001] directions. Step densities in
μm�1 along the [010] and [001] directions are 33 and 29 at 0 M and 48
and 50 at 10 mM NaF concentration, respectively.
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the [010] and [001] directions were 14 and 35 pm/s, respec-
tively, in 0mMNaF and 2.6 and 6.1 pm/s, respectively, in 10mM
NaF. In addition, we observed that step density on the terrace
regions increased in 10 mM NaF conditions (Figure 2D). The
step densities along the [010] and [001] directions were 33 and
29 μm�1, respectively, in 0 mM NaF and 48 and 50 μm�1,
respectively, in 10 mM NaF. Step density is determined both by
the rate of new pit formation and also by the step retraction
velocities. New pit formation on a terrace necessarily coincides
with the formation of new steps; hence, faster new pit formation
increases step density. In contrast, the merging of preexisting
steps running in opposite directions results in the annihilation of
steps. Therefore, faster step velocities result in decreases in step
density. In the case of NaF exposure, the increase of the step
density originated from the decrease in step retraction velocities,
without a significant change in the rate of new pit formation.
Particularly, during the increased duration before stepmerging in
NaF solution, new etch pits evolve on the terrace regions
between pre-existing steps. This phenomenon accounts for the
increase in the number of small etch pits on the surface when we
compare Figure 2A and B. Furthermore, the [001] elongated
hexagonal pits are rarely observed in 10 mM fluoride. Instead,
pits exhibited a rounder, less regular shape (Figure 2B).

To observe dose-dependent effects of fluoride ions on (100)
HAP surface dissolution, we performed additional experiments
under higher or lower fluoride concentrations with the same
acidic buffer conditions (pH: 6.00). In the case of a higher
concentration (50 mM), there is greater inhibition of HAP
dissolution, as it takes around 8 h to remove one monolayer from
the (100) surface. In addition, themorphological pit shape change
ismore pronounced. The etch pits evolved into isosceles triangles,
which exhibited mirror symmetry across the [010] direction
(Figure 3A�C). One important characteristic of the HAP
(100) facets is that the (100) surfaces possess a mirror symmetric
axis across the [010] direction but not across the [001] direction
(Figure 3D). Hence, we can classify the step orientations enclos-
ing the hexagonal pits with four crystallographically distinct steps,

which we denoted with a bar, double bar, circle, or square
(Figure 3E). Diagonal steps can be divided into two pairs of
crystallographically distinct steps ([011]þ and [011]þ and
[011]� and [011]�). Similarly, there are two crystallographically
nonequivalent steps ([001]þ and [001]�), which are parallel to
the [001] direction. Dissolved species can interact differently with
crystallographically distinct steps and surfaces, leading to mor-
phology changes during crystal growth and dissolution.31,32

Particularly, preferential interaction of fluoride ions with the
[001]� steps as compared to the [001]þ steps caused significant
retardation of step retraction velocity for the [001]� steps
(Figure 3F). Therefore, the change of relative step retraction
velocities in the presence of fluoride ions resulted in evolution of
triangular etch pits. It should be noted that the interaction of
fluoride ions with HAP steps is currently unique to fluoride ions.
Previously, we studied the dependence of the dissolution kinetics
of HAP on the concentration of NaCl.29 We found that the
dissolution rate decreased as the concentration of NaCl increased
where both step density and step retraction velocities decreased in
the presence of NaCl. Although both NaCl and NaF can reduce
the dissolution rate of HAP, the change of etch pit shape was not
observed in the case of NaCl. Even in 1 M NaCl, the observed
elongated hexagonal pit shape is similar in morphology to the
NaCl-free conditions (Figure S1). Furthermore, we performed an
additional dissolution experiment at a low NaF concentration
(10 μM ≈ 0.2 ppm). This concentration is comparable with the
concentration of fluoride in tap water. When initially treated with
acidic buffer, the (100) HAP surfaces exhibited the elongated
hexagonal morphologies (Figure 4A�C). After the infusion
10 μM fluoride, the step lines became roughened and formed a
scalloped morphology (Figure 4D�F). This step roughness is a
well-known phenomenon attributable to the interaction between
molecular steps and step modifiers.33,34

Using in situ atomic force microscopy (AFM), the Dove and
De Yoreo groups gave detailed descriptions of mineral/water
interfaces for individual crystallographic facets of calcite and
calcium oxalate surfaces by measuring the dynamic evolution of

Figure 3. Evolution of a triangular etch pit. (A�C) AFM images at pH = 6.0, 50mMNaF (size: 1.0� 1.0 μm, sequential AFM images with time interval
2 h). The right color bar represents relative vertical profile. (D) Surface symmetry of HAP (100) surfaces. Blue lines indicate existence of mirror planes
across the [010] direction. (E) Four crystallographically distinct steps enclosing the hexagonal pit (i, [001]þ; ii, [001]�; iii, [011]þ or [011]þ; iv, [011]�
or [011]�). (F) Model of evolution of hexagons to triangle-shaped etch pits. Fluoride ions (red circles) interact differently with four crystallographically
distinct steps. Arrows indicate relative step retraction velocities.
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step heights, step migration velocities, and the frequency of new
step formation and disappearance.34,35 They also reported the
effects of a wide range of additives (inorganic salts, amino acids,
synthetic peptides, and proteins) on calcite and calcium oxalate
mineralization and dissolution and verified their effects on
mineralization and demineralization at the molecular level.26,36,37

These studies demonstrated that the binding of additives to
specific molecular steps caused changes in step migration velo-
cities and alterations to the crystals’ bulk shapes.36

AFM has also been used by several groups to study dental
enamel, dentin, bone, and various apatite crystal surfaces.38�43

These studies have revealed organic�inorganic microstructural
interfaces in dental tissues and have measured their micro- and
nanoscale properties. However, because of the complexity and
inhomogeneity of dental tissues, their molecular structure is
generally ill-defined, and studies such as those performed on
calcite could not be performed. Various ill-defined synthetic
HAP crystals have also been studied under aqueous conditions.
To the best of our knowledge, a comprehensive microscopic
characterization has not been made due to the lack of a well-
defined HAP model system. In this Article, we synthesized well-
defined (100) HAP surfaces and investigated the surface mor-
phology evolution under precisely defined fluoride concentration
conditions ranging between 10 μM and 50 mM using in situ
atomic force microscopy. These fluoride concentration ranges
coincide with concentration ranges found in tap water and
fluoridated mouth rinses used in dental offices. We observed
that the effect of the fluoride on dissolution morphology changes
in real time. By comparing dose-dependent etch pit evolution, we
observed multiple novel fluoride ion-induced characteristics on
(100)HAP surfaces. In the low concentration range (10 μM), we
observed scalloped morphologies evolve from the hexagonal-
shaped etch pits of the (100) HAP surfaces, which indicates the
specific interaction of fluoride with steps. In 10 mM NaF, we
could observe that the step retraction velocities of (100) HAP
decreased by approximately a factor of 5 as compared to those of
fluoride-free condition. In addition, the fluoride significantly
altered etch pit shapes such that the initial [001] direction
elongated hexagonal etch pits were rarely observed due to the

strong inhibition of HAP dissolution. Change of pit shape ismore
distinct at a higher NaF concentration (50 mM) where triangular
pit shapes evolved during the dissolution process.

In summary, we demonstrated that fluoride ions significantly
alter etch pit morphology on (100) HAP surfaces by preferential
interaction with specific molecular steps using well-defined HAP
crystals and in situ AFM techniques. On the basis of our
observation of (1) the retardation of step retraction velocity,
(2) the concentration dependence of morphological changes on
etch pit shape, and (3) scalloped step morphologies, we propose
that the cariostatic properties of fluoride on teeth in part originate
from strong local interactions with molecular steps. We believe
that our molecular level investigation of the (100) HAP surfaces
will help us to understand the fundamental mechanism of tooth
and bone crystal mineralization and demineralization processes
in the future.
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