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� Zinc, released from bioactive
materials, was incorporated into
dentin with in approximately 50 mm.

� Zinc-doped dentin demonstrated 30%
less acid solubility, helping to
improve its anti-carcinogenicity.

� Zinc was incorporated into dentin in a
four-fold coordinationA, indicating a
newly generated covalent bond.

� Quantum beam and synchrotron
radiation technologies help in
analyzing the bonding states of
dentinal elements.
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Dental caries, the world’s most prevalent infectious disease, is caused by the diffusion of hydroxyl ions
into tooth structures. To prevent dental caries, the application of fluoride (F) and zinc (Zn) ions to teeth
surfaces are potential effective measures. In this study, The ionic influence, especially the chemical bond
of F and Zn, on the acid resistance of dentin were investigated by particle induced X-ray / gamma-ray
emission, X-ray diffraction, X-ray photoelectron spectroscopy and X-ray absorption spectroscopy. The
results showed Zn was distributed in the limited surface layer of dentin without altering its crystal
structure. From the Zn K edge extended X-ray absorption fine structure, Zn incorporated into dentin
was surrounded by oxygen and demonstrated four-fold coordination. The bond length and chemical state
of Zn–O in Zn doped dentin suggested newly generated Zn–O covalent bond, which may improve acid
resistance of dentin. This study showed that the atomic and molecular structures, such as the molecular
distances and chemical state, influenced acid resistance of teeth, emphasizing the validity of chemical
state analysis for understanding properties in biomaterials.
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1. Introduction

Dental caries has been the most common infectious disease in
the world for decades. Root caries, which especially occurs on
exposed root dentin in elderly people, has become a critical health
problem in many developed countries, where societies are aging
rapidly [1]. Dental caries demonstrates a complex pathology,
showing ion circulation [2]. It is caused by demineralization of
the inorganic parts of enamel and dentin by acidic metabolites
derived from oral bacteria. On the other hand, the generated ions
contribute to remineralization. For these reasons, it is necessary
to understand the dynamics of the ions to elucidate the detailed
pathophysiology of dental caries.

Dentin is an inorganic–organic composite material surrounded
by enamel or cementum. It is composed of an organic part, type I
collagen fibers, an inorganic part, hydroxyapatite nanocrystals,
and water [3]. Biological apatite (BioHAp), which constitutes den-
tin and bone, is extremely complex, containing not only hydroxya-
patite (HAp, Ca10(PO4)6(OH)2), but also diverse calcium phosphate
phases, such as octacalcium phosphate (OCP), amorphous calcium
phosphate (ACP), and dicalcium phosphate dihydrate [4,5]. Fur-
thermore, HAp in dentin contains vacancies and trace elements,
such as carbonate (CO3

2�), magnesium (Mg), fluoride (F), sodium
(Na), and zinc (Zn) ions [6–8]. The crystallographic properties pro-
mote an impact on complex chemical dynamics in living organisms
including HAp crystallinity, demineralization, and remineraliza-
tion; but how these mechanisms work exactly is still only partly
known.

The effect of F on the acid resistance of enamel and dentin has
been demonstrated epidemiologically by incorporating F in dentin
through toothpaste and water fluoridation [9]. In spite of recent
advances in knowledge and clinical practice, dental caries has not
been eradicated in developed countries, and in many countries root
caries is becoming prevalent and troublesome in elderly people
[10]. This suggests that treatment with F alone is not the complete
answer to combat dental caries. Further innovative treatments are
required to eradicate caries. Recent experiments have proved that
combining F with other elements instead of merely using F alone
was effective in preventing dental caries [11–14]. In the present
study, we focused on incorporating trace elements such as Zn in
combination with F. Zn is a group 12 ion with a closed d orbital,
and it exhibits similar properties to alkaline earth metals, such as
Mg, Ca, and Sr. The roles of Mg and Sr, which are in the same group
as Ca, in the inorganic components of dentin have been investi-
gated [14,15]. However, little research has been performed on
the effect on the inorganic components, and most studies have
only focused on cells and enzymes.

Dental materials have been actively developed with an idea of
incorporating various ions into the crystal structures of enamel
and dentin with the aim of improving their mechanical and anti-
cariogenic properties. The ion dynamics of these crystal structures
have been analyzed by X-ray diffraction (XRD) for the long-range
order and by transmission electron microscopy (TEM) [16–18].
These methods offer essential microscopic information of dentin;
but important information on ion dynamics needs to be analyzed
by the short-range order to identify specific structures at the
atomic scale. Recently, analysis of the ion distributions in rodent
enamel using atom probe tomography (APT) showed that the effect
of F in preventing dental caries is because of substitution of F for
Mg–ACP at grain boundaries in enamel HAp [13]. This outcome
demonstrated the potential of significantly improving carious pre-
vention by elucidating the ion dynamics at the atomic scale Cur-
rently, there are very few researches investigating how chemical
bonds form among the constituent elements of dentin or how they
may interact to influence dentin properties at the atomic scale. The
present study demonstrates a cutting-edge approach to clarify how
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chemical bonds occur and to identify potentially advantageous
ones. The hope is that this research may lead to the design and
development of improved dental materials, ultimately radically
to change clinical treatments.

The aim of this study is to analyze the ionic influence, especially
the chemical bond of Zn, on the acid resistance of dentin using in-
air micro-particle induced X-ray and gamma-ray emission (PIXE/
PIGE), XRD, X-ray photoelectron spectroscopy, and X-ray absorp-
tion spectroscopy (XAS). PIXE/PIGE enables highly sensitive and
non-destructive detection of multiple elements by measuring the
X-ray fluorescence and gamma rays generated by proton beam col-
lisions [19]. XAS is a method for analyzing the electronic and
chemical state. XAS can identify the structure around each con-
stituent element even in amorphous materials, such as glass, and
it is highly sensitive to trace elements. Through these methods,
the ion dynamics in dentin can be revealed at the atomic scale
and the mechanism of the functional expression of F and Zn can
be understood. This may allow a move away from the traditional
treatment of ‘‘drill and fill” to non-drill using a biological approach
taking advantages of new understanding of the ion dynamics.
2. Materials and methods

This study was carried out in accordance with protocols
approved by the Research Ethics Committee of Osaka University
Graduate Schools of Dentistry (H30-E36). Extracted third molars
were obtained from participants with the patients’ informed
consent.

2.1. Consumables

All of the chemicals were of analytical grade and used without
further purification. Calcium chloride (CaCl2), zinc fluoride tetrahy-
drate (ZnF2�4H2O), and zinc phosphate tetrahydrate [Zn3(PO4)2-
�4H2O] were purchased from Fujifilm Wako Pure Chemical
(Osaka, Japan). Ammonium phosphate dibasic [(NH3)2HPO4],
potassium dihydrogen phosphate (KH2PO4), potassium hydroxide
(KOH), sodium hydroxide (NaOH), zinc nitrate hexahydrate [Zn
(NO3)2�6H2O], zinc oxide (ZnO), zinc carbonate (ZnCO3), strontium
carbonate (SrCO3), calcium nitrate tetrahydrate [Ca(NO3)2�4H2O],
28% ammoniumwater (NH3), and acetic acid (CH3COOH) were pur-
chased from Nacalai Tesque (Kyoto, Japan). Zinc foil was purchased
from Nilaco (Tokyo, Japan).

Bioactive glass ionomer (or polyalkenoate) cements (GICs) have
been widely used in dental practice for restoring cavities due to
dental caries. GICs are composed of fluoro-alumino-silicate glass
and polyacrylic acid and harden based on the acid–base reaction.
GICs have the characteristic of continuously releasing ions, which
contributes to the antimicrobial effect and caries prevention. In
this study, three types of GICs were designed to release ions pro-
vided by GC (Tokyo, Japan). The composition of each GIC is given
in Table 1. ZIF-10 contains two types of fillers: conventional
fluoro-alumino-silicate glass and newly developed fluoro-zinc-
silicate glass containing Zn, Ca and F as the main components. Fuji
VII (Fuji 7) is a typical GIC for protecting dentin, and it has been
widely used in the clinic. FRC-02 is a cement in which half of Sr
in Fuji 7 is replaced by Ca.

2.2. Preparation of the specimens for PIXE/PIGE

Sample size calculation was performed based on the difference
of mineral loss in a pilot study, at a = 5%, with a power of 80%.
Assuming an expected mean difference of 2870 mg/cm3 with a
standard deviation of 1700, a minimum of 7 specimens per group
was estimated as necessary to identify significant differences



Table 1
Compositions of the materials.

Name Company Composition lot No.

ZIF-10 GC
powder

fluoro-zinc-silicate glass 1709251
fluoro-alumino-silicate glass

liquid
polybasic carboxylic acid 1710200
polyacrylic acid
distilled water

FRC-02 GC powder
fluoro-alumino-silicate glass (Sr:Ca = 50:50) 1507161

liquid
polybasic carboxylic acid 1507161
polyacrylic acid
distilled water

Fuji VII GC powder
fluoro-alumino-silicate glass 1507161

liquid
polybasic carboxylic acid 1506021
polyacrylic acid
distilled water
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between groups. Considering an inadequacy of the specimens, the
final number per group was set on 10.

Ten extracted human third molars stored in saline solution at 4
�C were used in this study. Preparation of the specimens was per-
formed as described previously [20] (Supplemental Fig. 1). In brief,
the extracted teeth were perpendicularly cut to the axis at the
positions of 0.5 mm above and 7.0 mm below the cement–enamel
junction and sectioned into four blocks with a low-speed cutting
machine (Isomet, Buehler, IL, USA). The bucco-lingual surfaces
were exposed and then covered with one of the three materials
(ZIF-10, FRC-02, or Fuji 7). The specimens without the materials
served as controls. Consequently, four groups were prepared for
the following experiments. The specimens were immersed in
10 ml saline for 3 months at 37 �C so that the released ions were
incorporated in the dentin. The solution was substituted with
new solution every week. The materials on the specimens were
then mechanically removed. These specimens were used for the
following experiments.
2.3. In-air micro-PIXE/PIGE measurement

PIXE/PIGE measurement was performed at JAEA Takasaki to
obtain the distribution and concentrations of F, Zn, Sr, and Ca in
dentin according to a previously reported method [21]. Specimens
immersed in saline for 3 months were used. Each block was cut
parallel to the longitudinal axis for the exposed root dentin using
a diamond wire saw (DWS-3032, Meiwafosis, Tokyo, Japan) to
make 500 lm width specimens, which were used as the measure-
ment specimens (Supplemental Fig. 1).

The specimens were bombarded with a 1.7 MeV proton beam in
air. The typical beam spot size was approximately 1.0 lm with a
beam current of 100 pA. The scanning area was 500 lm long and
250 lm wide. The gamma rays used to measure the F concentra-
tion were generated by the 19F(p, ac)16O nuclear reaction [22].
The Sr concentration was determined with another detector pre-
pared with a 500 lm X-ray absorber to remove the low-energy
X-rays. The gamma-ray yields of reference materials, Ca10(PO4)6(-
OH)2�2xF2x (x = 0, 0.25, 0.5, 0.75, and 1.0, HOYA Technosurgical,
Tokyo, Japan), with similar chemical compounds to those of teeth
were also measured. The X-ray yields were also measured for the
reference materials mixed with hydroxyapatite and ZnO or SrCO3.
The concentrations of Zn and Sr in the reference materials were
confirmed by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES, ICPS-8100, Shimadzu, Kyoto, Japan) before
PIXE/PIGE. The PIXE/PIGE data were analyzed with PIXEana1.5
[23].
3

2.4. Acid resistance test

The acid resistance test was performed to mimic demineraliza-
tion of dental caries. After PIXE/PIGE, the surfaces of all of the spec-
imens were masked from demineralization with an acid-resistant
varnish, except for the exposed root dentin. The residual of the var-
nish was confirmed on the exposed root dentin surface using a
stereomicroscope (SMZ-U, Nikon, Tokyo, Japan). Each specimen
was immersed in a 15 ml tube containing 10 ml acid solution
(50 mmol/l acetic acid, 2.2 mmol/l CaCl2, 2.2 mmol/l KH2PO4, pH
5.0). The specimens were incubated on a shaker at 37 �C for 3 days.
The specimens were then washed with deionized water for 30 s
and the varnish was mechanically removed from the specimens.
Each specimen was stored at 4 �C in 100% humidity until subse-
quent micro-computed tomography (lCT) analysis.

All of the specimens subjected to PIXE/PIGE were scanned by
lCT to investigate the acid resistance of the specimens with
applied materials (SMX-100CT, Shimadzu, Kyoto, Japan). The scan-
ning images were collected with 180� rotation of 0.6� per projec-
tion step at 35 kV and 200 lA. The data were recorded with
512 � 512 pixel resolution and 10 lm isotropic voxel size. A series
of reference phantoms were scanned, which included hydroxyap-
atite disks with different concentrations (100, 200, 300, and
400 mg/cm3) and an aluminum pole (1550 mg/cm3).

Reconstructed images were then created with CT-solver (Shi-
madzu) and TRI/3D-BON software (Ratoc System Engineering,
Tokyo, Japan). We selected a center image from the reconstructed
images before and after demineralization and superimposed them
on both edges at the crown sides with Image J software (NIH,
Bethesda, MD, USA). An overall mineral profile was produced for
each specimen. The analysis area used was the same area as
PIXE/PIGE analysis. The amount of mineral loss was calculated by
integrating the difference of the mineral content profiles of identi-
cal specimens before and after demineralization.
2.5. Morphological observation

The specimens after the acid resistance test were dehydrated
with ethanol and embedded in epoxy resin and polymerized over-
night at 60 �C in a desiccator. The embedded specimens were pol-
ished with #600 to #2000 SiC polishing papers. The specimens
were further polished with alumina oxide suspensions with diam-
eters of 1.0, 0.3, and 0.05 lm on polishing cloths, and the speci-
mens were then rinsed with distilled water and dried. Au coating
was performing to obtain the conductivity with a sputter coater
(SC-200, Meiwafosis). Scanning electron microscopy (SEM) obser-
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vation was performed with a JSM-F100 scanning electron micro-
scope (JEOL, Tokyo, Japan) operating at 10 keV. Backscattered elec-
tron images were taken to detect the dissolved area.
2.6. Synthesis of Zn-doped HAp

Zn-doped HAp was synthesized based on the previous method
reported to compare the chemical state with Zn-doped dentin
[24]. In brief, 0.1 M Ca(NO3)2�4H2O, 0.1 M Zn(NO3)2�6H2O, and
0.06 M (NH3)2HPO4 solutions were prepared for synthesis of Zn-
doped HAp. The solutions were mixed to achieve the stoichiomet-
ric ratio (Ca + Zn)/P = 1.67. The Zn concentration was adjusted to
10 mol% (Ca0.9Zn0.1(PO4)6(OH)2). The mixed solution was stirred
for 1 h maintaining pH 10 using 28% NH3 solution. The pH value
Fig. 1. The PIXE/PIGE spectra of the ion distribution in human dentin: (a) ZIF-10, (b) FRC
sound surface layer was defined as a position showing 95% of the Ca average concentrati
was shown in (e), (f) and (g). These figures show integrated concentration of each ion in t
*: Steel–Dwass test, p < 0.05.

4

was continuously monitored with a pH meter (LAQUA F-73, Hor-
iba, Kyoto, Japan) After stirring, the precipitates were filtered
under reduced pressure and irrigated with distilled water three
times. The precipitates were dried in an oven at 50 �C for 1 day
and finally annealed at 500 �C for 4 h. We investigated the stoichio-
metric (Ca + Zn)/P ratio and crystal properties of Zn-doped HAp by
ICP-AES and XRD (Smart Lab, Rigaku, Tokyo, Japan). The stoichio-
metric (Ca + Zn)/P ratio was 1.59, and Zn-doped HAp was con-
firmed with HAp formation of a single phase.
2.7. XRD

XRD was performed to investigate whether the incorporated
ions affected the crystal structure of dentin. For XRD, we prepared
-02, (c) Fuji 7 and (d) Control. Arrows indicate the surfaces of dentin specimens. A
on in healthy dentin (from 50 to 150 lm). The quantitative analysis with PIXE/PIGE
he dentin specimens from the surface to 200 lm: (e) F, (f) Zn and (g) Sr, respectively.
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Zn-doped dentin, as described in Section 2.2. In brief, human sound
third molars (n = 3) were sectioned into four blocks. The exposed
root dentin was covered with ZIF-10 and immersed in saline for
1 month to incorporate Zn. The material on the specimens was
then mechanically removed. XRD was performed with a Rigaku
Smart Lab X-ray diffractometer for the following specimens: Zn-
doped dentin, 10 mol% Zn-doped HAp, HAp (Bio-Rad Laboratories,
California, USA), Zn foil, ZnO, et (PO4)2�4H2O, ZnF2�4H2O, ZnCO3,
and ZIF-10. The diffraction spectra were recorded in the 2h range
from 10� to 70� using Cu Ka radiation (k = 1.541 Å, 45 kV,
200 mA) with a step size of 0.02�. The specimens were measured
by grazing incidence XRD with a parallel beam where the incident
angle was 0.01�.

2.8. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed with an
ESCA-3400 photoelectron spectrometer (Shimadzu) using the Al
Ka line to clarify the chemical state of Zn-doped dentin. For XPS,
human sound third molars (n = 5) were prepared and cut, as
described in Section 2.7. Zn-doped dentin was mechanically
scraped from the surface to 50 lm with a surgical knife to obtain
powder specimens. The following specimens were prepared for
reference: 10 mol% Zn-doped HAp, ZnO, ZnF2�4H2O, Zn3(PO4)2�4H2-
O, and ZIF-10. All of the specimens were placed in an agate mortar
Fig. 2. The acid resistance and SEM images of dentin after the application of ion-relea
groups. *: One-way analysis of variance (ANOVA) followed by the post-hoc Tukey honestl
high (x1500) magnifications in ZIF-10 (b,f), FRC-02 (c,g), Fuji 7 (d,h), and Control (e,
demineralized dentin. A white arrow indicates the top surface of dentin. Double-headed
to the sound dentin. Irregular dentin tubules were observed in the demineralized area.
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and sufficiently crushed, then were attached to the specimen stage
on a carbon tape. They were placed in a chamber in which the pres-
sure was maintained at approximately 10�6 Pa. Because of charg-
ing of the specimens, the binding energy was calibrated using
the C 1s photoelectron peak at 284.5 eV [25], which was obtained
from carbon tape. The following spectra were recorded: C 1s, O 1s,
Zn 2p, and Zn Auger with a step width of 0.05–0.1 eV. All spectra
were corrected by subtracting a Shirley method background [26].

2.9. Zn K-edge XAS

The X-ray absorption spectra were recorded in fluorescence
mode at the beamline 01B1 station at Spring-8 (JASRI, Harima,
Japan). The powder of Zn-doped dentin was obtained as described
in Section 2.7. The powder specimens were placed in a stainless
steel mold with a diameter 7 mm, and compacted with a pressure
of 2 MPa for 5 min to obtain specimens with 1–2 mm thickness.
Monochromator energy calibration was performed using ZnO and
Zn foil in transmission mode. The fluorescence yield was recorded
using a 19-element solid-state detector at room temperature. The
data were recorded relative to the Zn K-edge (9660.8 eV) from
the 8.0 GeV electron storage ring.

The extended X-ray absorption fine structure (EXAFS) data were
analyzed with Athena [27]. The edge energy (E0) was defined as the
maximum of the first derivative of the absorption edge. The edge
se materials. The figure (a) shows the amount of mineral loss in the experimental
y significant difference test, p < 0.05. The SEM images were shown at low (x500) and
i) groups. The top half of each image is an epoxy resin, and the bottom half is
arrow indicates the demineralized area, which demonstrated as dark area compared
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peaks in the X-ray absorption near edge structure (XANES) regions
were normalized for comparison between the specimens and refer-
ence materials based on the average absorption coefficient of the
spectral region. The v(k) function was Fourier transformed using
k3 weighting. Fourier transformation (FT) of the k3-weighted nor-
malized EXAFS data was performed over the k range 3–12 Å�1.
Because of the noise signals of the spectra of Zn-doped dentin
Fig. 3. X-ray diffractograms of Zn-doped dentin and reference specimens. The
values of intensity are normalized in order to compare the peak positions of the
spectra. The (002) and (211) planes, which are characteristic of HAp, were shown.

Fig. 4. XPS Zn 2p (a) and Zn Auger (b) spectra. Dotted lines show the peaks of Zn-doped d
of the spectra.
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and Zn-doped HAp, a k range of 3–10 Å�1 was selected. The theo-
retical backscattering paths of the specimens were calculated using
FEFF6 [28]. Shell-by-shell fitting was performed in R-space using
Artemis [27]. The correction term of the energy (E0) was allowed
to take different values. The amplitude reduction factor (S20) was
determined based on the fitting results of Zn foil and ZnO, and it
was fixed at S20 = 0.91 when analyzing unknown specimens. In the
reference specimens except Zn-doped HAp, the coordination num-
bers were determined based on the crystal structures determined
by XRD. The spectrum of Zn-doped HAp was fitted with a model in
which Zn was substituted in the Ca–2 sites of HAp. The model for
the Zn-doped dentin spectrumwas prepared based on the OCP struc-
ture because of the complexity and low crystallinity of dentin [29].
This model was a Zn-containing model with Ca–6 substituted by
Zn. The model for ZIF-10 was constructed based on Zn2SiO4.
2.10. Statistical analysis

The quantitative data obtained by PIXE/PIGE were analyzed by
the Steel–Dwass test to compare the materials, while the lCT data
were analyzed by one-way analysis of variance (ANOVA) followed
by the post-hoc Tukey honestly significant difference test. The sig-
nificance level was set to a = 0.05. The statistical analysis was per-
formed in R (version 3.6.2), and the figures were produced using
the ggplot2 package [30,31].
3. Results

3.1. Distributions and concentrations of the ions in dentin

The distributions and concentrations of the ions in each exper-
imental group are shown in Fig. 1. In ZIF-10, Zn was incorporated
in the surface layer of dentin within approximately 50 lm
(Fig. 1a). Zn was hardly detected in the other groups. F showed
entin. The values of intensity are normalized in order to compare the peak positions



Fig. 5. Zn K-edge XANES (a) and FT-EXAFS (b) spectra of Zn-doped dentin and reference specimens. (a) The spectra are standardized with E0. The dotted lines (A, B and C)
were drawn based on the peaks of Zn-doped dentin and HAp in order to compare the spectra. (b) Fourier transform amplitudes (solid lines) and fitting data in R-space (dashed
lines).

K. Naito, Y. Kuwahara, H. Yamamoto et al. Materials & Design 215 (2022) 110412
the highest concentration in the surface layer for all of the materi-
als, and the F concentration gradually decreased moving inwards.
In ZIF-10 and Fuji 7, F was discovered in the area around 100 lm
from the surface layer. In FRC-02 and Fuji 7, Sr was found relatively
deep in dentin. No ions above the background level were detected
in the control group.

We evaluated the concentrations of the ions incorporated in
dentin for each material (Fig. 1e, f, g). ZIF-10 showed the highest
Zn concentration, and significantly more Zn was incorporated in
dentin compared with in the other groups (p < 0.01) (Fig. 1f).
ZIF-10 showed high F concentration, but there was no statistically
significant difference compared with the other groups because of
large variations (Fig. 1e). FRC-02 and Fuji 7 showed higher Sr con-
centrations than the other groups (Fig. 1g).

3.2. Acid resistance of dentin as ions were incorporated

Comparison of the amount of mineral loss among the experi-
mental groups is shown in Fig. 2a. ZIF-10 showed the lowest
amount of mineral loss. There were significant differences com-
pared with the control group (p < 0.01). Among the three F-
containing materials, there was no significant difference in mineral
loss.

The dissolved root dentin appeared darker in the backscattered
electron images when compared with sound dentin (Fig. 2b-i). The
surface layer in ZIF-10 showed a limited dissolved area (less than
10 lm). The morphologies of the surfaces were smooth for ZIF-
10 and FRC-02; while an irregular and rough surface was observed
for Fuji 7. The dissolved areas were up to approximately 30 lm in
FRC-02 and Fuji 7; while in the control group, the dissolved area
was more than 50 lm. The shape of the dentinal tubules became
irregular in the demineralized area in all specimens.

3.3. Analysis of the crystal structure of Zn-doped dentin

The crystallinity of each specimen was evaluated by comparing
the half-widths of the XRD spectra (Fig. 3). Zn-doped dentin and
7

Zn-doped HAp showed broad peaks for the (002) and (211)
planes. The broad peaks indicate a small crystal size and low crys-
tallinity. ZIF-10 also showed broad peaks with a high background
at 10–30� (Supplemental Fig. 2), which indicated that ZIF-10 was
an amorphous material, similar to glass. The reference specimens
showed sharp peaks, which indicated a homogeneous crystal
structure. The crystal structures of the reference specimens were
identified by comparing with databases, and these results were
used for EXAFS simulation.

3.4. Chemical state of Zn in Zn-doped dentin

The Zn 2p, Zn Auger and O 1s XPS spectra are shown in Fig. 4.
The XPS spectrum of Zn-doped dentin showed peaks for Zn 2p1/2

and Zn 2p3/2 at binding energies of 1045.2 and 1022.1 eV
(Fig. 4a). This spectrum was similar to that of Zn-doped HAp with
peaks located at 1045.4 and 1022.3 eV. The peaks of ZnO, ZnF2�4H2-
O, and ZIF-10 were only slightly different from those of Zn-doped
dentin. Since it was difficult to identify the peaks of Zn-doped den-
tin and reference specimens in Zn 2p spectra, we measured the
kinetic energy of the Zn Auger electron to further analyze and
understand the chemical states of Zn. The peak of Zn-doped dentin
was observed at 988.9 eV (Fig. 4b), which was consistent with ZnO
and ZIF-10. Zn-doped HAp showed a slight peak shift to the low
energy side compared with Zn-doped dentin, and the peak was
observed at 987.3 eV. ZnPO4�4H2O and ZnF2�4H2O showed peaks
at 984.8 and 986.3 eV, respectively, and these chemical states of
Zn were different from those of Zn-doped dentin. Overall, the
XPS results indicated that the chemical states of Zn in Zn-doped
dentin were similar to those in ZnO and ZIF-10, but slightly differ-
ent from those in Zn-doped HAp.

3.5. Zn K-edge XANES and EXAFS

The Zn K-edge XANES data for Zn-doped dentin and all of the
reference specimens are shown Fig. 5a. Zn-doped dentin showed



Table 2
FT-EXAFS fitting results of Zn-doped dentin and reference specimens.

Specimen Path R (Å) CN r2 (Å) ⊿E (eV) R-factor

Zn-doped dentin O1 1.95 3.22 0.008 �2.537 3.7%
P1 2.86 0.80 0.004
P2 3.47 1.59 0.003

Zn-doped HAp O1 1.96 4.73 0.011 1.572 2.5%
P1 2.97 0.40 0.003
P2 3.54 1.63 0.004

Zn foil Zn1 2.66 6 0.011 4.273 0.3%
Zn2 2.83 6 0.023
Zn3 3.92 6 0.025

ZnO O1 1.97 4 0.006 3.191 2.3%
Zn1 3.29 6 0.004
Zn2 3.16 6 0.005
O2 3.77 9 0.007
Zn3 4.57 6 0.007

Zn3(PO4)2�4H2O O 1.95 2 0.011 1.103 1.3%
P 3.21 1 0.020
Zn 3.30 2 0.017

ZnF2�4H2O F 1.81 2 0.033 �1.949 2.0%
O 2.03 4 0.014

ZnCO3 O1 2.01 6 0.030 1.132 3.7%
C 3.01 6 0.014
O2 3.16 6 0.016
Zn 3.92 6 0.012
O3 4.07 6 0.003

ZIF-10 O 1.94 4 0.008 0.929 2.6%
Si 3.08 2 0.015

Amplitude reduction factor 0.91 was determined based on the fitting results from Zn foil and ZnO. The coordination number was basically defined from the crystal structure,
as shown bold fonts. For unknown specimens (Zn-doped dentin), Debye-Waller factors were fixed at optimal values due to the influence of multiple close by shells were
present (bold fonts at r2). DE represents the correction term between the measured value of the absorption edge and the theoretical value of E0.
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a broad peak from 9668 to 9671 eV, indicated by the dashed lines A
and B. The spectrum of Zn-doped HAp showed similarities with the
spectrum of Zn-doped dentin, but it differed in that it contained a
slight auxiliary peak at 9678 eV. ZnO showed a sharp peak at
dashed line B, while ZIF-10 only exhibited a broad peak from
9667 to 9672 eV, indicating a clear difference from the other spec-
imens. ZnCO3 exhibited a small shoulder peak at 9675 eV, which
was different from ZnF2�4H2O with the same coordination environ-
ment. No pre-edge peaks were found for any of the specimens.

The Zn K-edge EXAFS data and results of the fitting simulations
are shown in Fig. 5b and Table 2. The Zn k3-weighted EXAFS oscil-
lation spectra are shown in Fig. 5a. The peaks at the first shell were
consistent, except for Zn foil. These results showed the Zn–O bond
according to simulated data. The bond length of Zn–O in Zn-doped
dentin was 1.95 Å. Zn-doped HAp, ZnO, Zn3(PO4)2�4H2O, and ZIF-10
showed approximate Zn–O bond lengths of 1.96, 1.97, and 1.95 Å,
respectively. For ZnF2�4H2O and ZnCO3 with octahedral coordina-
tion, the Zn–O bond lengths were noticeably longer (2.03 and
2.01 Å). The second coordination shell of Zn-doped dentin repre-
senting Zn–P had a bond length of 2.86 Å. Compared with Zn-
doped dentin, Zn–P in Zn-doped HAp and Zn3(PO4)2�4H2O showed
longer bond lengths of 2.97 and 3.26 Å.
4. Discussion

4.1. Distribution of the ions in dentin

We found the following three features in the distributions of the
ions (F, Zn and, Sr) in dentin: F showed the highest concentration in
the surface layer but decreased towards the inner layer; Zn was
distributed in the surface layer up to 50 lm deep; Sr was found
with relatively high concentration in the deep layer (>100 lm
deep).
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In the ZIF-10 group, Zn was detected at approximately 80 and
230 lm depth in the PIXE/PIGE spectra. The peak in the surface
layer at 230 lm suggested that Zn released from materials and
incorporated into dentin; while the peaks at 80 lm in ZIF-10 group
and at 130 lm in the control group were assumed to be the inher-
ent zinc delivered from dentin. Healthy dentin contained 80–
180 ppm of Zn [32,33], which played a role as an activator of
matrix metalloproteinases [34]. In other study, Zn was also
detected around pulp chamber in dentin [35]. These findings sup-
port the inherent Zn peak in the deep area observed in the present
study.

There are two possible mechanisms of how ions penetrate and
incorporate in dentin: diffusion in the solids based on Fick’s diffu-
sion equation; or diffusion through dentinal tubules, which are
dentinal microstructures with an internal diameter of approxi-
mately 1–5 lm. F concentrations tended to decrease with distance
from the materials from which ions were released, suggesting solid
diffusion in accordance with Fick’s diffusion equation. It is also
possible to diffuse ions through dentinal tubules containing
intratubular fluid, which has a composition similar to that of inter-
stitial fluid and contributes to mineralization and ion exchange
[36]. Because dentinal tubules were intentionally exposed when
preparing the specimens, the ions released from the materials
could penetrate into the tubules [19].

The Zn diffusion pattern differed from those of F and Sr. Zn was
distributed in the limited surface layer of dentin, suggesting that
Zn could not diffuse into the deep part of dentin. Originally, Zn is
difficult to incorporate in HAp. As the Zn concentration in HAp
increases, the crystal size and crystallinity of HAp significantly
decrease [37,38]. This phenomenon can be explained by the differ-
ence in the ionic radii and coordination numbers of Zn (0.74 Å) and
Ca (0.99 Å). When Zn was substituted for Ca in HAp, structural
irregularity and breakdown of the apatite structure were induced
by differences in the ionic radii [39]. This may be why Zn could
not diffuse in dentin. It is also possible that precipitation of Zn3(-
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PO4)2�4H2O by incorporating Zn affects the crystallinity of HAp
[40,41]. The XRD spectrum of Zn-doped dentin did not show any
peaks derived from zinc phosphate or similar compounds, indicat-
ing that precipitation of other crystals did not occur.

4.2. Effect of Zn incorporation on the apatite structure in dentin

The spectrum of Zn-doped dentin showed a similar shape to
that of Zn-doped HAp and broad peaks for the (002) and (211)
planes (Fig. 3), suggesting low crystallinity owing to the amor-
phous phase. Even in the surface layer, which demonstrated the
highest concentrations of multiple ions, the spectrum of Zn-
doped dentin did not differ from that of sound dentin, suggesting
that the ions were incorporated in the crystal lattice and did not
significantly affect the crystal structure.

4.3. Analysis of the short-range order of Zn in dentin

Zn can have four-, five-, six-, and eight-fold coordination [42].
ZnO has four-fold coordination with each Zn atom tetrahedrally
coordinated to four O atoms. ZIF-10 is a glass material with a SiO4

2�

network, where the XRD spectrum shows amorphous phases. Zn in
ZIF-10 is considered to have four-fold coordination in the SiO4

2�

network, because it has been reported from XANEs analysis of
Zn-containing glasses and Zn-loaded zeolite that Zn in the SiO4

2�

network has the same structure [43,44]. Hence, we used Zn2SiO4

with Si–O–Zn and four-fold coordination in the glass framework
as the analysis model of the short-range order. Regarding incorpo-
ration of Zn in HAp, Matsunaga et al. found that Zn-doped HAp is
incorporated with five-fold coordination by XANES and density
functional theory (DFT) calculations [24]. Tang et al. proposed that
the state of Zn is maintained in four-fold coordination by O atoms
by XANES and EXAFS analysis [45]. Zn-doped HAp showed differ-
ent binding energies for ZnO and ZIF-10 by XPS and XANES. More-
over, because the coordination number of Zn-doped HAp was 4.73
from FT-EXAFS fitting (Table 2), it was estimated that Zn in Zn-
doped HAp had five-fold coordination.

The binding energy of Zn-doped dentin was close to those of
ZnO and ZIF-10 with four-fold coordination (Fig. 4). This was sim-
ilar in the XANES spectra, in which there was a broad peak at
9668–9672 eV. Takatsuka et al. analyzed the local structure of Zn
in dentin using XAS data, but no detailed structural analysis was
performed [46]. The first and second coordination shells in
Zn-doped dentin were found to be O and P atoms, respectively,
and the coordination number of Zn–O was 3.22 from the results
of FT-EXAFS fitting (Fig. 5b and Table 2). Because the minimum
coordination number of Zn is four, as mentioned above, we esti-
mated that the coordination number of Zn in Zn-doped dentin
was four. The coordination number obtained by EXAFS was smaller
than the theoretical value of four. It is presumed that the error
between the theoretical and measured values is because of the
heterogeneity of the specimens and the use of the fluorescence
method for XAS [47]. Therefore, we estimated the coordination
numbers of Zn-doped dentin using FT-EXAFS fitting in combination
with comparing XPS and XANES spectra which were obtained from
reference specimens, because determination of the coordination
number by FT-EXAFS fitting may cause some errors. As a result,
the coordination numbers calculated by FT-EXAFS did not show
significant differences from those of the reference specimens.

Regarding the mechanism of incorporating trace elements in
dentin, we considered two hypotheses: substitution for Ca near a
vacancy and substitution for Ca in amorphous phases, such as
ACP and OCP. BioHAp is a non-stoichiometric material and con-
tains vacancies in the crystal lattice, which are involved in substi-
tution with foreign ions [6]. The detailed mechanism of
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incorporating Zn in HAp has been demonstrated by experimental
and theoretical XANES results, where the Ca2+ vacancy-defect com-
plex is present near Zn and plays an important role in Zn substitu-
tion in HAp [24]. The XPS results showed that Zn had different
environments in Zn-doped dentin and Zn-doped HAp because of
the different binding energies. When analyzing Zn-doped dentin
by FT-EXAFS fitting, we used the same HAp model as the fitting
model for Zn-doped HAp, but we were unable to fit the spectrum.
FT-EXAFS fitting showed differences in the coordination numbers,
indicating that the mechanism of incorporating Zn in dentin was
different from that of Zn-doped HAp. The OCP model with Zn incor-
porated in Ca–6 sites has been prepared as the model for FT-EXAFS
fitting of Zn-doped dentin [29]. According to the results obtained
from DFT, this model has the smallest formation energies for sub-
stitution of Zn at Ca–6 sites. Because Zn2+ has a smaller radius than
Ca2+, the coordination number of Zn decreases when incorporated
in OCP, preferring four-fold coordination. We were able to fit the
FT-EXAFS of Zn-doped dentin using the spectrum of the Ca–6 sub-
stitution model in OCP. Although the presence of OCP in dentin has
been reported [5], its location remains unclear. OCP has a similar
structure to HAp, and it has a hydration layer, leading to high
chemical activity. Therefore, it is possible that it contributed to
substitution with Zn. In summary, incorporation of Zn in dentin
is suggested to occur by substitution of Ca in OCP rather than by
substitution of Ca near vacancies.

It is also possible that Zn incorporated in dentin not only with
the ionic state of the released materials, but also while maintaining
the local structure of Zn in ZIF-10. The GIC, which is the main com-
ponent of ZIF-10, has a SiO4

2� network with cations such as Al and
Ca, which is formed by Si–O to cation cross-linking [48,49]. The
results of XPS and XANES showed that the chemical state of Zn
were similar to those of ZIF-10, suggesting that Zn maintained a
state like a cluster species bound to O and Si. This Si–O–Zn cluster
may be incorporated in the voids or cavities of dentin.

In this study, we were able to determine the local structure
around Zn, but we were unable to analyze the middle-range order
around the substitution sites. This is the reason why the crystallo-
graphic structure in dentin is still unclear. No link has been made
between the crystal structure and the information about dentin,
such as association of collagen fibers and non-collagenous dentin
protein with inorganic materials and localization of ACP and OCP.
Therefore, there is insufficient information to prove the hypothesis,
and further research is needed.

4.4. Mechanism of improvement of the acid resistance of dentin by
incorporating Zn

Mineral loss decreased in the dentin with F or Zn incorporated
(Fig. 2), suggesting that not only F, but also Zn contributed to
improving the acid resistance. The reason for the positive effect
of Zn can be explained by the difference of chemical state between
Zn–O and Ca–O bonds in dentin. In general, a difference of the
chemical state in crystals depends on the electronegativity of the
constituent elements. The larger the difference in the electronega-
tivity between the elements involved in the bonding, the higher
the degree of ionic bonding. While, as the difference in electroneg-
ativity decreases, the ratio of covalent bond increases. The ionic
radius and the shape of the orbitals in the covalent bonds are clo-
sely related to the coordination number, which is a factor in deter-
mining the chemical state.

Ca–O bonds, which influence the solubility of HAp, have weak
binding energy and are mostly ionized as Ca2+ [50]. Since the elec-
tronegativity of Zn is higher than that of Ca, Zn–O bonds were
inevitably increased in the ratio of covalent bonds. Previous study
showed that OCP incorporated Zn, which was assumed to be Bio-
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HAp, was increased the binding energy by forming covalent bonds
[29]. The Zn–O bond has four-fold coordination, which is inferred
to be sp3 hybrid orbitals, showing the characteristics of covalent
bonds. Thus, the incorporation of Zn increased Zn–O bonds having
the ratio of covalent bonds compared to Ca–O bonds. This may be
why the acid resistance of dentin improves when Zn is incorpo-
rated in dentin.

Introducing Zn in dentin may compensate for lattice defects in
HAp. Research has suggested that introducing Zn in carbonate apa-
tite, which resembles BioHAp, reduces the lattice defects and
improves the acid resistance [51,52]. Lattice strain and defects lead
to inferior chemical stability, which decreases the acid resistance.
Dentin partially forms carbonic apatite and has defects in the crys-
tal lattice because it contains approximately 5 wt% CO3

2� [8]. There-
fore, the chemical penetration and incorporation of Zn in dentin
reduced the lattice defects and contributed to improve the acid
resistance.

The improvement of the acid resistance could also be caused by
higher concentration of F or Zn. In fluoride, there was no significant
correlation between the F penetration and Ca loss. This suggested
that the surface density of F is critical rather than its penetration
depth into dentin [20]. The high-zinc apatite showed a clear corre-
lation between zinc substitution level and stiffness and hardness
[53]. Since it is not easy to accurately and quantitatively measure
the concentration of in enamel and dentin, their relationship to
acid resistance is still unclear. Therefore it is necessary to clarify
the role of each ion in the future.

We could not examine the effect of Zn alone in this study,
because multiple ions were released from the restorative materi-
als. However, the results from lCT and SEM observation, plus pre-
vious theoretical reports, strongly suggest that Zn significantly
contributes to improve the acid resistance of dentin.
5. Conclusions

We demonstrated multi-scale analyses to understand howmul-
tiple ions penetrated and incorporated in dentin and influenced its
acid resistance. We focused on the role of Zn, which has closed d
orbitals. Zn was penetrated and incorporated in the limited surface
layer of dentin without any alteration to the dentin crystal struc-
ture. The binding energy of Zn in Zn-doped dentin was comparable
with those in ZnO and ZIF-10. The results of FT-EXAFS showed that
Zn demonstrated four-fold coordination. The bond length and
chemical state of Zn–O in Zn-doped dentin suggested newly gener-
ated Zn–O covalent bond. This may be why the acid resistance of
dentin improves when Zn and F are incorporated in dentin rather
than F alone.

The comprehensive analyses using PIXE/PIGE, XRD, XPS and
XAS enabled to elucidate the ionic dynamics in dentin at the
atom-scale. Those clarified the atomic and molecular structures,
such as molecular distances and chemical bonds, influenced on
the macroscopic acid resistance of dentin. The combination of
the atom-scale and theoretical analyses on the ionic performance
in dentin helped with deep understanding of the dynamics of den-
tal caries. These analyses also help with suggesting how to design
and develop future dental materials for caries preventions. This
will encourage the biological minimal intervention approach in
treating dental caries rather than traditional ‘‘drill and fill”.
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