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ABSTRACT

A technique for implementing biocompatible and antibacterial functions to a targeted region on
tooth surfaces has potential in dental treatments. We have recently demonstrated pseudo-
biomineralization, i.e., the growth of an apatite layer on a human dentin substrate by a laser-
assisted biomimetic (LAB) process, based on pulsed laser irradiation in a supersaturated CaP
solution. In this study, pseudo-biomineralization was induced in the presence of fluoride ions using
the LAB process in order to fabricate an antibacterial fluoride-incorporated apatite (FAp) layer on
the dentin surface. After processing for 30 min, a micron-thick FAp layer was formed
heterogeneously at the laser-irradiated solid—liquid interface via pseudo-biomineralization. A
time-course study revealed that the LAB process first eliminated the pre-existing organic layer,
while allowing fluoride incorporation into the dentin surface within 1 min. Within 5 min, FAp
nanocrystals precipitated on the dentin surface. Within 30 min, these nanocrystals acquired a pillar-
like structure that was weakly oriented in the direction normal to the substrate surface to form a
dense micron-thick layer. This layer was integrated seamlessly with the underlying dentin without
any apparent gaps. The FAp layer exhibited antibacterial activity against a major oral bacterium,
Streptococcus mutans. The proposed LAB process is expected to be a useful new tool for tooth

surface functionalization via facile and area-specific pseudo-biomineralization.
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1. Introduction

Periodontal disease is a chronic infection and occurs in the majority of elderly people
worldwide [1]. In its early stage, a bacterial biofilm and/or dental plaque are formed on the tooth,
causing inflammation in the gum. As inflammation progresses into the supporting connective and
alveolar bone tissues, a periodontal pocket (cavity at the gum—tooth interface) is formed and
becomes enlarged as a consequence of loss of the periodontal attachment. In severe cases, the
supporting alveolar bone deteriorates, resulting in tooth loosening and eventually tooth loss if left
untreated. In surgical periodontal treatments, a periodontal pocket is cleaned by removal of the
biofilm, dental plaque, and calculus from the infected tooth (root) surface either manually,
chemically, or mechanically. However, a surface-treated tooth root has poorer biocompatibility
than a healthy natural tooth, and thus, the periodontal attachment is rarely reconstructed [2—4].
The persisting periodontal pocket remains a major risk factor for recurrence of periodontal disease.

We believe that fluoride-incorporated apatite (FAp) coating on a surface-treated tooth root
would be effective in reducing the risk of periodontal disease recurrence for the following reasons.
Apatite is a calcium phosphate compound found in human dentin, enamel, and cementum. Apatite
[more specifically, sintered hydroxyapatite: Cai0(PO4)s(OH)2] has long been used as a biomaterial
for orthopedic and dental applications owing to its excellent biocompatibility with both soft and
hard living tissues [5—8]. For instance, apatite coating has been applied to commercial dental
implants to accelerate osseointegration [5,6]. Fluoride ions are known to substitute for hydroxyl
ions in apatite, thereby improving its chemical durability (acid-resistance) and hardness [9,10]. In
addition, fluoride ions exhibit antibacterial properties against various types of bacteria including

periodontopathic bacteria [11], and are widely used for oral and dental healthcare [12]. It is



therefore highly anticipated that a FAp coating on a tooth root surface would enhance the
reconstruction of a periodontal attachment, while repelling bacteria from the periodontal tissues.

Various techniques have been proposed to create an artificially mineralized tooth surface [13-
25]. These techniques include physical coating techniques such as pulsed laser deposition [13],
powder jet deposition [14], and apatite sheet adhesion [15], and chemical techniques based on
pseudo-biomineralization [16-23]. In general, physical techniques are weak in the coating adhesion
and integration with a tooth surface, whereas chemical techniques are time-consuming. Pseudo-
biomineralization techniques in combination with laser processing have also been proposed as
physicochemical techniques [24,25]. However, it is still difficult to find a technique that meets all
the requirements for chair-side FAp coating for tooth surface functionalization, i.e., simplicity
(single step), rapidness (in half an hour), use of orally administrable sources, area-specific coating
capability, and fine integration between the resulting coating and a tooth surface.

Recently, we developed a laser-assisted biomimetic (LAB) process [26] that is likely to be
suitable for chair-side FAp coating on a tooth surface. In the LAB process, a substrate surface is
irradiated for a few tens of minutes with low-energy Nd:Y AG pulsed laser light in a supersaturated
calcium phosphate (CaP) solution (referred to as CP solution [26,27]). This process has enabled
facile (< 30 min) and area-specific CaP coating on various artificial materials under standard
ambient pressure and temperature [26,28-35]. More recently, we applied this LAB process to a
substrate of human dentin and demonstrated rapid pseudo-biomineralization, i.e., apatite formation,
on the surface [36]. However, in that preliminary study, the processing time was fixed at 30 min;
therefore, the time course and mechanism of laser-assisted pseudo-biomineralization remain to be

elucidated.



In this study, the LAB process was performed using CP solution supplemented with NaF to
achieve facile FAp coating on a dentin substrate via pseudo-biomineralization in the presence of
fluoride ions. To elucidate the time course and mechanism of pseudo-biomineralization, the
processing time was varied from 1 to 30 min and surface and cross-sectional analyses were
conducted on the LAB-processed dentin substrates. The area-specific coating capability and
antibacterial activity of the processed substrates were also assayed to demonstrate the potential of
the LAB process in tooth surface functionalization. In this preliminary antibacterial assay,
Streptococcus mutans (S. mutans) was used as a model bacterium because it is one of major oral

bacteria involving the bacterial coaggregation and initial biofilm formation [37,38].

2. Materials and methods
2.1. Preparation of dentin substrates
As human dentin sources, donated third molars extracted in standard treatments from patients
older than 40 years at the dental department of Hokkaido University Hospital were used after
obtaining informed consent. All the experiments were conducted under conditions approved by
the ethical review boards of both the Hokkaido University Hospital for clinical research (approval
No. 16-72) and the National Institute of Advanced Industrial Science and Technology (AIST).
Tabular substrates (ca. 1 mm in thickness) of human dentin were prepared by cutting the third
molar with a diamond disk (Horico diamond disk 87xFSI, HORICO DENTAL Hopf, Ringleb &
Co. GmbH & Cie., Germany). The dimensions of the substrates were either 3—5 x 5 mm (size S),
5 x5 mm (size M), or 6-8 x 10—11 mm (size L). The S-sized substrates were used in the following
experiments unless otherwise indicated. The substrates were polished with #600 and #2000 SiC

polishing papers (FUJI STAR DCCS, Sankyo-Rikagaku Co., Ltd, Japan), and washed



ultrasonically with pure water using an ultrasonic cleaner (VS-100I1I, AS ONE Corporation,
Japan). They were then treated ultrasonically for 5 min with a 3% ethylenediaminetetraacetic acid
(EDTA) solution (Smear Clean, Nippon Shika Yakuhin Co., Ltd., Japan) for smear removal
followed by final ultrasonic cleaning with pure water. The EDTA solution is a clinically approved
smear removal agent that is used in various dental treatments including periodontal treatments.

The thus-prepared dentin substrates were kept at —20°C before use.

2.2. Preparation of CP solution supplemented with NaF (FCP solution)

A fluoride-free CP solution was first prepared as a mother solution using reagent-grade
chemicals (all purchased from NACALAI TESQUE, Inc., Japan) according to previous reports
[27,36]. The CP solution was prepared by dissolving NaCl (final concentration = 142 mM),
K>2HPO4-3H,0 (1.50 mM), 1 M HCI (40 mM), and CaCl; (3.75 mM) in ultrapure water and
buffering the solution to pH = 7.40 at 25 °C with tris(hydroxymethyl)aminomethane (final
concentration = 50 mM) and a necessary amount of 1 M HCI. The as-prepared CP solution was
stored in a sealed polystyrene container at 4 °C before use for a maximum of 1 month.

Before each LAB process, the CP solution was supplemented with NaF (final concentration =
1.0 mM). The slight increase in solution volume was ignored when calculating the final NaF
concentration. The solution was stirred for a few minutes, and then filtered through a 0.22-um
pore-size filter. The solution (referred to as FCP solution; same solution as “F1000” in Reference

21) was used immediately for the LAB process.

2.3. LAB process for FAp coating



The LAB process was performed as described in our previous reports [34,36]. Each substrate
was placed on the bottom of a glass bottle using a poly(tetrafluoroethylene) sample holder. The
FCP solution (5 mL) was poured into the bottle to fully immerse the substrate in the solution. The
bottle was set in a temperature-controlled water bath (25 °C), and the substrate surface was
irradiated with nanosecond pulsed laser light (A = 355 nm, 30 Hz) with a fluence of 0.2 J/cm? per
pulse (6 W/cm?) using a Nd:YAG laser (Quanta-Ray LAB-150-30, Spectra-Physics, USA). These
irradiation conditions were determined according to our preliminary optimization studies using a
sintered hydroxyapatite substrate [29,34]. The laser beam had an output diameter of approximately
8 mm. For the S- and M-sized substrates, the laser beam was used without focusing or masking in
order to entirely irradiate one surface. For the L-sized substrates, the laser beam was passed
through a 5-mm diameter hole in a metallic mask without focusing in order to irradiate only a
small circular region of the surface. The irradiation time was varied from 1 to 30 min, after which
the substrate was removed from the solution, washed gently with ultrapure water, and air-dried at

room temperature.

2.4. Chemical analyses of the FCP solution

The FCP solution was analyzed for residual Ca and P after 30 min of the LAB process.
Immediately after the LAB process, an adequate amount (estimated from the change in total mass)
of ultrapure water was added to the residual FCP solution to compensate for water loss due to
evaporation. The solution was analyzed for Ca and P concentrations using inductively coupled
plasma-optical emission spectroscopy (ICP-OES; ULTIMA2, HORIBA, Ltd., Japan). The pristine
FCP solution was also analyzed as a control. The residual ratio (%) of Ca and P in the FCP solution

after the LAB process was calculated from the difference in the Ca and P concentrations between



the pristine and residual FCP solutions. The results were expressed as the mean of two independent

experiments using the M-sized substrates.

2.5. Surface analyses of the substrates

The surfaces of the substrates before and after the LAB process were analyzed using scanning
electron microscopy (SEM; S-4800, Hitachi High-Technologies Corporation, Japan) in
conjunction with energy-dispersive X-ray (EDX) analysis (EMAX x-act, HORIBA, Ltd., Japan),
X-ray diffraction (XRD; M18X, MacScience, Japan) with CuKa radiation, and Fourier transform
infrared spectroscopy (FT-IR; FT/IR-4700, JASCO Corporation, Japan). The FT-IR
spectrophotometer was equipped with an attenuated total reflection (ATR) accessory with a
monolithic diamond crystal. Prior to SEM-EDX analyses, the substrates were sputter-coated with

carbon using a carbon coater (VC-100, Vacuum Device Co., Ltd., Japan).

2.6. Ultrastructural cross-sectional analyses

Cross-sectional ultra-thin samples were prepared from the LAB-processed substrates using a
focused ion beam (FIB) technique with a Ga® ion source (FB-2100, Hitachi, Japan). As a
pretreatment, the substrate was coated manually with a Cr-containing oil-based ink to protect the
surface. The substrate was then coated with tungsten using W(CO)s gas. A cross-sectional sample
was prepared from the substrate, fixed on a molybdenum FIB lift-out grid, and thinned to
approximately 100 nm.

The cross-sectional ultra-thin samples were analyzed using an analytical transmission electron
microscopy (TEM; Tecnai Osiris, FEI, USA) system operating at 200 kV and equipped with an

EDX spectrometer (Super-X system, FEI, USA) and a high-angle annular dark field (HAADF)



scanning transmission electron microscopy (STEM) system with a probe diameter of less than 1
nm. For comparison, we used cross-sectional STEM-EDX data for an unprocessed (as-prepared)
dentin substrate obtained in our previous study [36]. In the quantitative analysis by STEM-EDX,
three different regions in each sample were analyzed to obtain the mean and the standard deviation

(SD).

2.7. Antibacterial assay

The antibacterial properties of the LAB-processed (30 min) substrate were assayed using a
facultative anaerobic bacterium, S. mutans (ATCC® 35668™, ATCC, USA). The unprocessed
substrate (as-prepared substrate) was used as a control. For each group, four substrates (M-size)
were tested. As a culture medium, a brain heart infusion (BHI) broth (PEARLCORE, Eiken
Chemical, Co., Ltd., Japan) supplemented with 1% sucrose and 0.1% antibiotic (gramicidin D and
bacitracin, FUJIFILM Wako Pure Chemical Corporation Ltd., Japan) was used.

An antibacterial assay was performed using a conventional colony-forming unit (CFU)
method. The substrates were sterilized by UV light irradiation before the assay. Each substrate was
placed in the well of a 48-well plate, and 0.5 mL of the bacterial suspension (4.0 x 10® CFU/mL)
was added to each well. After anaerobic culture at 37 °C for 12 h, the bacterial suspension
containing the substrate was ultrasonicated for 10 s, diluted (from 1/10 to 1/107) with the BHI
broth, and inoculated on an agar culture medium. After anaerobic culture at 37 °C for 24 h, the
number of bacterial colonies was counted to estimate the CFU. Data sets obtained by 1/107 dilution
were compared using Student’s t-test, and the decrease in CFU with respect to the control was

considered statistically significant when the p-value was less than 0.05.

10



3. Results and Discussion
3.1. Surface analyses

The LAB process modified the dentin surface at the microscopic level within only 5 min. SEM
observations revealed micron-sized dentinal canaliculi (also called dentinal tubules) on the dentin
surface (see arrows in Figure 1a). The flat region of the dentin surface was fairly smooth before
the LAB process and remained unchanged after processing for 1 min. After processing for 5 min,
the dentin surface was roughened at the submicron scale. The surface roughness increased with
processing time to 30 min; the dentin surface was filled with densely assembled submicron
particles with diameters of a few hundred nanometers. SEM-EDX spectra from the dentin surface
showed strong peaks due to O, P, and Ca, all of which are component elements of apatite,
irrespective of the processing time (Figure 1b). In addition to these peaks, a small peak due to F

@ (b)

0 min
(before LAB)

Intensity (a.u.)

LA Before A/\

03 13 23 33 43
Energy (keV)

Figure 1. (a) SEM images and (b) SEM-EDX spectra of the dentin substrate surfaces before
and after the LAB process for various times up to 30 min. The inset in (a) shows a magnified

image and the arrows indicate dentinal tubules.
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appeared for the substrate processed for 5 min, suggesting fluoride incorporation onto the dentin
surface.

The submicron particles observed on the LAB-processed (30 min) dentin substrate were CaP-
based precipitates formed heterogeneously on the dentin surface by consuming Ca and P in the
metastable FCP solution. This was confirmed by ICP-OES, which indicated that both Ca and P
concentrations in the FCP solution decreased by approximately 10% after the LAB process for 30
min (Figure 2a). During the LAB process for 30 min, the FCP solution remained transparent
without inducing homogeneous CaP precipitation. Thus, the CaP precipitation occurred
heterogeneously at the dentin surface, i.e., at the laser-irradiated solid—liquid interface, which is
described in Section 3.3.

The CaP-based submicron particles on the LAB-processed (30 min) dentin substrate were
composed of FAp crystals. The dentin substrates were analyzed using FT-IR and XRD before and
after the LAB process for 30 min. In the FT-IR spectra (Figure 2b), the unprocessed substrate
showed peaks ascribed to amide and phosphate groups from dentinal collagen and apatite,
respectively. The former peak from collagen decreased, whereas the latter peak from apatite
increased after the LAB process. All the peaks in the XRD patterns were indexed to apatite (Figure
2¢). Other CaP phases such as octacalcium phosphate (OCP; main peak position at 4.7°) were not
detected in either the unprocessed substrate or the LAB-processed substrate (Figures 2¢ and 2d).
The apatite peaks increased in both intensity and sharpness after the LAB process (Figure 2c).
Among these, the apatite 002 diffraction peak at approximately 26° in particular increased after
the LAB process. This is due to the c-axis orientation of the apatite crystals in the surface layer, as

described in Section 3.2.3.
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Figure 2. (a) Residual ratio (%) of Ca and P in the FCP solution after the LAB process for 30
min (determined by ICP-OES), (b) FT-IR spectra, and (c, d) 26/6 XRD patterns (c: larger angle

region, d: smaller angle region) of the dentin substrate surfaces before and after the LAB process

for 30 min.

3.2. Cross-sectional analyses
3.2.1 Initial stage of the LAB process (0—1 min)

The LAB process induced the formation of a F-rich surface layer on the dentin substrate while
diminishing the preexisting N-rich organic layer within 1 min. As reported previously [36], the as-

prepared substrate had a N-rich organic layer on its surface due to surface demineralization
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(dissolution of dentinal apatite) during the prior cleaning with EDTA. The N-rich organic layer

was approximately 300 nm thick, as visualized by the N distribution (yellow) in the cross-sectional

STEM-EDX elemental map (Figure 3a). The inner region underneath the N-rich organic layer is

the dentin according to the elemental distributions of Ca (red) and P (green). The uppermost Cr-

rich layer (blue) is the Cr-containing oil-based ink that was put on the substrate to protect its

surface in the preparation of the cross-sectional ultra-thin samples as described in Section 2.6. The

STEM-EDX spectra (Figure 3c) show that the N-rich organic layer was deficient in apatite

components (Ca and P) and was composed mainly of C and N, which was different from the inner

dentin region. Trace amounts of heavy elements Ga, W, and Mo were detected as contaminants

derived from FIB and the TEM grid. After the LAB process for 1 min, the N-rich organic layer
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Figure 3. (a) Cross-sectional STEM-EDX elemental maps, (b) corresponding HAADF image,

and (c) STEM-EDX spectra of the unprocessed dentin substrate (as-prepared substrate) surface.

The EDX spectra in (c) were obtained respectively from the N-rich surface layer (brown-boxed

region) and dentin (gray-boxed region) in (b).
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(yellow) almost disappeared as it became thinner (<50 nm) and was observed dimly on the dentin
surface (Figure 4a). At the same time, a F-rich layer (purple) appeared on the dentin surface. This
F-rich surface layer was thicker (50—100 nm) than the N-rich organic layer and was partly
overlapped with the N-rich region and the underlying Ca- and P-rich regions. The F-rich surface
layer was quite similar in composition to the underlying dentin, except for the F content; F was
clearly detected in the surface layer but not in the underlying dentin (Figure 4c). The F/P atomic
ratio was 0.19 £ 0.02 in the F-rich surface layer and 0.02 + 0.00 in the underlying dentin.

In this very initial stage of the LAB process within 1 min, the formation of CaP crystals on
the dentin surface was not obvious in the TEM images. Figure 5 shows a time-course of the cross-

sectional surface structure of the dentin substrate during the LAB process up to 30 min. The
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Figure 4. (a) Cross-sectional STEM-EDX elemental maps, (b) corresponding HAADF image,

c
F-rich

a
cd F P
C surface
/ layer
Ca
o
Ca
P
Ca
c Dentin
ﬂ Ca
1 2 3 4 5

Energy (keV)

Intensity (a.u.)

and (c) STEM-EDX spectra of the dentin substrate surface after the LAB process for 1 min. The
EDX spectra in (c¢) were obtained respectively from the F-rich surface layer (purple-boxed

region) and dentin (gray-boxed region) in (b).
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unprocessed substrate (upper left image) showed bundles of fine needle-like crystals, which are
typical of c-axis-oriented dentinal apatite nanocrystals. The LAB-processed (1 min) substrate had

a similar structure (upper middle image) without any noticeable precipitates on its surface.

3.2.2 Second stage of the LAB process (5 min)

The F-rich surface layer thickened (>100 nm) after 5 min of the LAB process, whereas the
preexisting N-rich organic layer became undetectable. As revealed by the Ca, P, and Cr
distributions in Figure 6a, the top ink layer (blue) is located directly above the dentin substrate (red
and green) without any interstitial spaces between them. The N-rich layer disappeared completely
from the interface between the ink layer and the underlying dentin. In contrast, the F-rich layer
(purple) became thicker (>100 nm) as the processing time increased from 1 to 5 min. This

submicron F-rich layer overlapped with the Ca- and P-rich regions, which suggests the coexistence

—
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30 min Layer’s top surface Interface with dentin

i
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Figure 5. Cross-sectional TEM images of the dentin substrates before and after the LAB
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process for various times up to 30 min. The magnification of the lower left image was reduced

to show the surface layer thickness.
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Figure 6. (a) Cross-sectional STEM-EDX elemental maps, (b) corresponding HAADF image,
and (c) STEM-EDX spectra of the dentin substrate surface after the LAB process for 5 min.
The EDX spectra in (c) were obtained respectively from the F-rich surface layer (purple-boxed

region) and dentin (gray-boxed region) in (b).

of these elements. Figure 6¢ shows that the F-rich submicron layer was composed of CaP with a
higher F content (F/P atomic ratio = 0.22 £ 0.02) than the underlying dentin (F/P atomic ratio =
0.08 £0.01).

The submicron F-rich layer formed on the LAB-processed (5 min) dentin surface was
composed of FAp nanocrystals. As depicted in the upper right image in Figure 5, a number of
nanosized precipitates, thicker than the needle-like nanocrystals of dentinal apatite, emerged on
the dentin surface after processing for 5 min. The selected-area electron diffraction (SAED) pattern
obtained from the precipitates (upper left circle in Figure 7a) was ascribed to crystalline apatite

with larger grains (Figure 7b). Figure 7d shows a high-resolution TEM (HRTEM) image obtained

17
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Figure 7. (a) Cross-sectional TEM image of the dentin substrate surface after the LAB process
for 5 min, (b,c) SAED patterns obtained from the circled areas in (a), (d) HRTEM image
obtained from the surface precipitates in (a), and (e) FFT pattern of (d).

from a part of the precipitate, which could be ascribed to crystalline apatite with a [021] orientation
through analysis of the fast Fourier transform (FFT) image (Figure 7¢). These results indicate that
the apatite crystals nucleated on the dentin surface within 5 min of the LAB process. Taking the
EDX results (Figures 1b and 6) into consideration, the fluoride ions were incorporated in the
nucleated apatite crystals during the process, i.e., the LAB process induced FAp precipitation on
the dentin surface within 5 min. Although a weak c-axis orientation was noticed in the underlying

dentinal apatite (Figure 7c), it was not apparent in the surface FAp crystals (Figure 7b).

3.2.3 Final stage of the LAB process (30 min)

After the LAB process for 30 min, the FAp nanocrystals grew into a micron-thick layer on the

dentin surface. The F, Ca, and P distributions in Figure 8a and the upper STEM-EDX spectrum in

18



Figure 8c indicated the presence of a dense surface layer consisting of F-incorporated CaP. The
surface microlayer had a higher F/P atomic ratio (0.24 £+ 0.01) than the underlying dentin (0.08 +
0.01). In the surface microlayer, F (purple) was distributed homogeneously throughout the CaP
matrix (red and green). The surface microlayer was 2—2.5 um in thickness and integrated
seamlessly with the underlying dentin without any interstices or interstitial layers, according to the
results of STEM-EDX (Figure 8a) and TEM (lower row images in Figure 5).

The surface microlayer formed on the LAB-processed (30 min) substrate was a FAp layer
with c-axis orientation along the substrate surface normal. The cross-sectional TEM images in
Figures 5 (lower row) and 9a revealed well-developed pillar-like crystals in the surface microlayer,

which were densely assembled and oriented vertically to the substrate surface. The top surface of
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Figure 8. (a) Cross-sectional STEM-EDX elemental maps, (b) corresponding HAADF image,
and (c) STEM-EDX spectra of the dentin substrate surface after the LAB process for 30 min.
The EDX spectra in (c) were obtained respectively from the F-rich surface layer (purple-boxed

region) and dentin (gray-boxed region) in (b).
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Figure 9. (a) Cross-sectional TEM image of the surface layer formed on the dentin substrate

after the LAB process for 30 min and (b,c) SAED patterns obtained from the circled areas in

(a).

the layer had submicron roughness due to the vertically assembled pillars with diameters of a few
submicrometers. This cross-sectional surface structure agreed well with the top-view SEM image
that showed densely assembled submicron particles (see the lower right image in Figure 1a). The
pillar-like crystals in the surface microlayer showed the SAED patterns ascribed to apatite, whose
c-axis was oriented along the direction normal to the substrate surface, based on the 002 and 004
reflections (Figures 9b and 9c). Considering these results together with the EDX results (Figures
1b and 8), the pillar-like crystals in the surface microlayer were confirmed to be FAp crystals, i.e.,

the dentin substrate was coated with the micron-thick FAp layer after the LAB process for 30 min.

20



3.3. Area-specific FAp coating capability

The LAB process induced area-specific FAp coating on the dentin substrate. As depicted in
the upper left diagram in Figure 10a, we applied the LAB process (30 min) to a partial region (5-
mm circular region) of an L-sized substrate surface using a metallic mask. SEM observation of the
LAB-processed substrate revealed a smooth boundary between the laser-irradiated (left) and non-
irradiated (right) regions (upper image in Figure 10a). As suggested by the magnified SEM images
(lower panels in Figure 10a) and EDX spectra (Figure 10b) of each region, the FAp layer was
formed only on the laser-irradiated region while the non-irradiated region was left uncoated (see
Figure 1 for comparison). This result indicates that the dentin substrate itself has no apatite-
forming ability in the FCP solution within the tested immersion period (30 min), which
corresponds to our previous result [36]. Therefore, laser irradiation is essential for FAp coating of

the dentin surface, as reported for several other substrates [28,30,33,34].
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Figure 10. (a) SEM images with lower (upper) and higher (lower) magnification and (b) SEM-
EDX spectra of the laser-irradiated and non-irradiated regions on the surface of the L-sized

dentin substrate after the LAB process for 30 min.
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3.4. Antibacterial assay

The FAp-coated dentin substrate exhibited antibacterial activity against S. mutans. The
antibacterial activity of the FAp layer was assayed using the LAB-processed (30 min) dentin
substrate and the unprocessed substrate as a control. The anaerobic culture of S. mutans in the
presence of the FAp-coated substrate resulted in a significantly lower CFU value (corresponding
to the number of viable bacteria) compared to the control. This result confirmed that the FAp layer
coated on the dentin substrate retarded the proliferation of S. mutans during culture. Fluoride ions

released from the FAp layer are considered to be responsible for the antibacterial activity of the

FAp layer [11,34].

1x 101

1x10°

CFU (/mL)

1x 108
Control FAp-coated

Figure 11. CFU of S. mutans after anaerobic culture in the presence of the unprocessed dentin
substrate (control) and the FAp-coated dentin substrate that was prepared by the LAB process
for 30 min (n=4, average + SD, * p <0.05).

3.5. Putative mechanism
Human dentin substrates were successfully coated with a FAp layer by the present LAB
process using the FCP solution. According to the results, the FAp layer was formed

heterogeneously on the laser-irradiated solid—liquid interface via pseudo-biomineralization in the
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presence of fluoride ions. Surface and cross-sectional analyses revealed the time-course for the
pseudo-mineralization as follows: The unprocessed (as-prepared) dentin substrate had a
submicron-thick N-rich organic layer on its surface (Figure 3), as reported previously [23] through
demineralization in the prior cleaning with EDTA. EDTA is a Ca-chelating agent used clinically
as a smear removal agent [39]. In the initial stage of the LAB process, this organic layer was
rapidly thinned (from ca. 300 nm to ca. 50 nm in 1 min) and disappeared completely within 5 min
(Figures 4 and 6). This is considered to be caused by laser-induced photothermal degradation and
ablation of the organic layer [40]. At the same time, fluoride ions in the FCP were incorporated
into the dentin surface within 1 min (Figure 4). From the overlap of the F-rich region with the Ca-
and P-rich dentinal region (Figure 4a), fluoride ions penetrated though the partially degraded
organic layer and were incorporated within the dentinal surface. This fluoride incorporation is most
likely due to ionic substitution for hydroxyl ions in the dentinal apatite crystals [9,10]. Although
the surface precipitation of CaP crystals was not evident after processing for 1 min, it became
apparent after processing for 5 min; nanosized FAp crystals appeared on the LAB-processed (5
min) dentin surface (Figures 5—7). The newly precipitated FAp nanocrystals were different in both
composition and size from the underlying dentinal apatite nanocrystals, i.e., the FAp nanocrystals
in the surface layer had a higher fluoride content (Figure 6b) and were thicker than the needle-like
dentinal apatite nanocrystals (Figure 7a). We consider that FAp nucleated heterogeneously on the
dentinal apatite nanocrystals and/or partially degraded organic layer abundant in reactive
functional groups. At this stage, the FAp nanocrystals showed no apparent c-axis orientation.
Precursor phase OCP was not detected under the analytical conditions, probably due to the
accelerating effect of fluoride ions on phase transformation into apatite [41,42]. Increasing the

processing time to 30 min, the FAp nanocrystals developed into thicker and longer pillar-like FAp
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crystals (Figure 5) by the incorporation of Ca and P (ions and/or CaP nanoclusters [43,44]) from
the FCP solution (Figure 2a). In this crystal growth stage (5—30 min), the FAp nanocrystals grew,
densely packed, and their c-axes were aligned vertically to the substrate surface (Figure 9). This
phenomenon is known as the geometric selection of crystals [45,46] and has also been observed
for the fluoride-free apatite layer formed on a LAB-processed dentin substrate [36]. The final FAp
layer was a dense micron-thick FAp layer (Figures 5 and 8).

Laser irradiation played a critical role in the pseudo-biomineralization described here. First,
the laser irradiation eliminated the preexisting N-rich organic layer on the dentin substrate, thereby
providing active nucleation sites for FAp in the initial stage. This effect accounts for the area-
specific coating capability of the LAB process (Figure 10). In addition, the laser irradiation had
the effect of accelerating CaP nucleation and crystal growth by heating the surface and the FCP
solution. The degree of supersaturation increases in the heated FCP solution because the solubility
of apatite decreases above 25 °C [47,48]. The temperature increase in the CP solution during the
LAB process was experimentally confirmed using various substrates [28—33]. In the case of the
dentin substrate, the CP solution was heated from 25 to 33 °C in the LAB process for 30 min [36].
Besides the laser irradiation effects, fluoride ions added to the FCP solution also led to accelerated
CaP nucleation and crystal growth. This is because fluoride ions accelerate the hydrolysis of apatite
precursor(s) and increase the driving force for apatite growth by forming thermodynamically more
stable and less soluble FAp [42]. In fact, the FAp layer formed in the fluoride-containing FCP
solution was thicker (2—2.5 um, see Figures 5 and 8a) than the apatite layer (less than 1 um [36])
formed in the fluoride-free CP solution, even though the other LAB processing conditions were

identical. Pseudo-biomineralization thus proceeded rapidly on the dentin surface, due to the effects
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of laser irradiation and fluoride ions, which led to the formation of a micron-thick FAp layer within

only 30 min.

3.6. Expected functionality of the FAp layer

Recently, multifunctional strategies based on the combined use of multiple ingredients have
been proposed to develop antibacterial dental materials with the antibacterial property along with
other beneficial properties [45]. The FAp layer obtained by the present LAB process would possess
multifunctionality owing to the biocompatible apatite matrix and antibacterial fluoride ions as
described below.

The FAp layer should exhibit good biocompatibility with periodontal tissues due to the apatite
matrix, because of its similarity to the healthy natural tooth and its intrinsic biological
characteristics [5—8]. Previously reported apatite-coated polymer substrates prepared using the CP
solution showed good biocompatibility with living soft tissue; epidermal downgrowth was
prevented compared to an uncoated substrate when implanted percutaneously in a rat scalp [50,51].
In an another report, an apatite-coated titanium implant showed regeneration of periodontal
ligament-like tissue around the implant when an occlusal load was applied [52].

The FAp layer should also exhibit antibacterial activity via fluoride ion release from the layer.
The antibacterial activity of the FAp layer coated on the dentin substrate was confirmed using S.
mutans (Figure 11). A FAp layer prepared under similar conditions released fluoride ions in a
physiological solution at a level (ca. 0.2 mg/L at 78 h [34]) higher than the salivary fluoride
concentration (0.01-0.1 mg/L [53]); however, this concentration level was still 2 orders of

magnitudes lower than the minimum inhibitory concentration for proliferation of oral mucosal
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fibroblasts [54]. It should be noted that fluoride ions have a broad antibacterial activity spectrum

and are effective for a variety of oral bacteria including periodontopathic bacteria [11].

3.7. Advantages of the present process and future perspective

There are many reports on techniques for the production of an artificially mineralized tooth
surface [13-25]. However, each of them has its own strengths and weaknesses, and there is thus a
demand for a more practical technique. The LAB process proposed here is a physicochemical
process that enables facile (<30 min) FAp coating on dentin under normal pressure and
temperature. The LAB process allows the area-specific coating (Figure 10), which implies that
only a targeted region (in millimeter order) of a tooth surface could be treated and coated with
FAp. The LAB process requires neither toxic reagents nor specific additives such as proteins,
peptides, and dendrimers. The fluoride concentration (1 mM) of the FCP solution is sufficiently
low not to raise safety concerns, because it is lower than fluoride concentrations of commercially-
available mouth washes [12]. In addition, the overall F dose in the FCP solution (0.09 mg in 5 mL)
is 2 orders of magnitudes lower than the tolerable upper intake level (10 mg per day) for humans
older than 8 years [55].

If the LAB process for FAp coating is applied to a tooth root surface after surgical periodontal
treatment, then the tooth surface would gain good biocompatibility from the apatite matrix along
with antibacterial activity from the incorporated fluoride ions. The LAB-processed tooth surface
may potentially possess additional functionality because not only fluoride ions but also certain
other bioactive ingredients such as fibronectin and zinc can be immobilized on the surface by the
addition of these ingredients to the CP solution [32]. This is an advantageous feature of biomimetic

processes that use supersaturated CaP solutions as a reaction medium. The FAp-coated tooth
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surface would be sealed with the gingival tissue after surgery. Under the resulting static
environment at the root—gingiva interface (region unaffected by daily mastication and brushing),
the FAp layer would persist for a certain period. This is because the body fluid is highly
supersaturated with respect to FAp. According to our previous study [34], a FAp layer prepared
under similar conditions exhibited higher chemical stability (acid-resistance) than a non-resorbable
sintered hydroxyapatite ceramic. The LAB process produced an antibacterial tooth surface where
the top FAp layer was integrated seamlessly with the underlying dentin without any apparent gaps
(Figures 5 and 8). Such a functionalized tooth surface would help the reconstruction of periodontal
attachment, prevent bacterial proliferation, and thus reduce the risk of recurrence. In vitro and in
vivo studies are required to verify this hypothesis. Further process refinement and evaluation of
the coating layer (e.g., adhesion strength, mechanical properties, and chemical durability) are also

necessary.

4. Conclusion

Human dentin substrates were successfully coated with a micron-thick FAp layer using the
LAB process for 30 min with FCP solution. The FAp layer was formed heterogeneously at the
laser-irradiated solid—liquid interface via pseudo-biomineralization in the presence of fluoride ions.
In this process, laser irradiation eliminated the pre-existing organic layer and allowed fluoride
incorporation into the dentin surface within 1 min. FAp nanocrystals precipitated at the dentin
surface within 5 min and grew into pillar-like FAp nanocrystals with a weak c-axis orientation
along the surface normal within 30 min. The resulting FAp layer was integrated seamlessly with

the underlying dentin without gaps, and also exhibited antibacterial activity against S. mutans. The
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proposed LAB process is expected to be a useful new tool for tooth surface functionalization via

facile and area-specific pseudo-biomineralization.
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