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We propose a novel fluorescent adhesive-assisted biomimetic mineralization strategy, based on which 1 wt % of sodium
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fluorescein and 25 wt % of polyacrylic acid stabilized amorphous calcium phosphate (PAA-ACP) nanoparticles were
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incorporated into a mild self-etch adhesive (Clearfil S3 Bond) as a fluorescent mineralizing adhesive. The characterizations

of the PAA-ACP nanoparticles indicate that they were spheric particles clustered together, each particle in a diameter of

approximately 20~50 nm, in a metastable phase with two characteristic absorption peaks (1050 cm™ and 580 cm’l). Our

results suggest that the fluorescent mineralizing adhesive was non-cytotoxic with minimal esthetic interference and its

fluorescence intensity did not significantly decrease within 6 months. Our data reveal that the fluorescent mineralizing

adhesive could induce the extra- and intra-fibrillar remineralization of the reconstituted type | collagen, the demineralized

enamel and dentin substrate. Our data demonstrate that a novel fluorescent adhesive-assisted biomimetic mineralization

strategy will pave the way to design and produce anti-carious materials for the prevention of dental caries.

1. Introduction

Dental caries is one of the most prevalent human diseases
worldwide."  Dental caries starts to occur once
demineralization of tooth hard than
remineralization in a state of biofilm dysbiosis caused by
cariogenic bacteria.? If dental caries is not treated in time, it
will continue to decay the tooth hard tissues, and result in
pulpitis, osteomyelitis and even worse complications.3
Minimally invasive dentistry (MID) advocates to prevent
and even reverse initial caries (non-cavitated lesions) by
means of contemporary nanotechnology and nanomaterials.”*
In near future, non-cavitated lesions are expected to be
completely reversed by biomimetic mineralization strategies.5
During the biomimetic mineralization process, amorphous
calcium phosphate (ACP) is believed to be a liquid-precursor of
hydroxyapatite.6 Unlike the traditional classical pathway of
ion-mediated crystallization,7 non-collagenous  protein
analogues (NCPs) such as polyacrylic acid (PAA),
poly(amidoamine) (PAMAM), and L-glutamic acid (L-Glu) have
been proven to play an important role in inducing ACP
nanoparticles to remineralize type | collagen, demineralized
enamel and dentin in mineralization solutions or simulated

tissues is faster
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body fluid (SBF).8"11 In this process, ACP nanoparticles undergo

as pre-nucleation clusters.”” ®* The pre-nucleation clusters
aggregate each other into larger ones, which penetrate into
collagen fibrils and self-assemble to form crystalline phase by
mediation of NCPs.'**® That is so called non-classical crystal
theory.16 Based on the theory, numerous reports revealed that
solution-based carrier to deliver the biomimetic mineralization
successfully resulted in the heavy mineralization of collagen
fiber, demineralized enamel and dentin in Iaboratory.n"19
Likewise, paste- or gel-based carrier for ACP nanoprecursors
has also been reported to induce the remineralization in vitro
and vivo study.“' 2022 Contemporary commercial anti-carious
materials are available in the form of liquids and pastes such as
mouthrinse and toothpaste. Their remineralization effects are
mainly based on polymer-induced liquid-precursor (PILP).23’ 2
However, their clinical remineralization effectiveness is not so
good as expected to efficiently reverse the non-cavitated
carious lesions.”® That might be attributed to the lack of
continuously-provided calcium and phosphate resources for
caries prevention.25 The prevention and reversal of non-
cavitated carious lesions might be achieved by biomimetic
mineralization strategies, which need periodic or continuous
replenishment with the sufficient calcium and phosphate
resources.”®

Our pilot study revealed that the self-etch adhesive could
be used as a carrier loaded with Si-ACP nanoprecursors to
deliver biomimetic mineralization.”” A question is raised
whether the self-etch adhesive can be used as a universal
carrier loaded with other nanoprecursors such as PAA-
stabilized ACP (PAA-ACP) nanoparticles to inspire the
remineralization. Furthermore, the applications of mineralizing
materials on tooth surfaces are expected to be detectable with
the minimal esthetic interference of tooth color. The retention
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of mineralizing materials should be associated with the
effective prevention of dental caries.”® The sodium fluorescein
is non-toxic and widely used as contrast agent in
ophthalmology.29 It has been applied to indicate tumor
boundary during general surgical operation.30 To date, nobody
knows whether the mineralizing materials and fluorescent
agent will be influenced by each other if sodium fluorescein
and ACP nanoparticles are incorporated into a self-etch
adhesive. Therefore, we propose a novel fluorescent adhesive-
assisted biomimetic mineralization strategy based on a novel
fluorescent mineralizing adhesive. The remineralization effects
and the changes of fluorescence intensity should be
investigated in detail. It is eager to determine which kinds of
phrase transformation of the remineralization occur on the
demineralized enamel and dentin, solid-solid transformation
or dissolution-precipitation, when the novel fluorescent
adhesive-assisted biomimetic mineralization strategy used.
The aim of this study was to investigate 1) the feasibility of a
novel fluorescent adhesive-assisted biomimetic mineralization
strategy, namely, its remineralizaiton effects, fluorescence
intensity and cell toxicity; and 2) the phrase transformation
process of ACP nanoparticles on the demineralized dentin and
enamel.
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Fig. 1 Simplified diagram of the methodology of specimen preparation. A:
Synthesis of PAA-ACP nanoparticles. B: A cross was brushed on a collagen-coated
grid either with the experimental adhesive (S3+25 wt % PAA-ACP + 1 wt % sodium
fluorescein) or with the adhesive S3 for mineralization test. C: Mineralization of
demineralized enamel and dentin that were treated either with the experimental
adhesive or with the adhesive S3.
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2. Experiments

All the chemicals used in this study were commercially
purchased , and were of analytical chemical grade. They
included CaCl,, Na,HPO,, polyacrylic acid (PAA, average
Mw=1800), NaNj;, glycine, sodium fluorescein, and 4-(2-
hydroxyethyl)- 1-piperazineethanesulfonic acid (HEPES) from
Sigma-Aldrich, USA; KCI, 50 wt% of glutaraldehyde, NaOH,
37wt% of H3PO,, uranyl acetate and KH,PO, from Aladdin,
China. All the solutions were filtered through 0.22 um
Millipore membranes (USA) before use. Rat tail type | collagen
solution was obtained from Gibco, Invitrogen, USA. The
simplified diagram of the methodology of specimen
preparation is shown in Fig. 1.

2.1 Synthesis and characterization of PAA-ACP
nanoparticles

The PAA-ACP nanoparticles were synthesized as follows:
Twenty-five mL phosphate solution containing 12 mM
Na,HPO, and 700 pg/mL PAA (MW: 1800) was magnetically
being stirred at room temperature for 30 min and the pH of
the solution was titrated to 9.5 + 0.1 with 1 M NaOH.
Subsequently, the equal volume of calcium solution containing
20 mM CaCl, was successively being dripped into the
phosphate solution via a burette in 30 min, and the pH of the
mixed solution was re-titrated to 9.5 + 0.5 with 0.1 M NaOH.
Afterward, precipitates of PAA-ACP nanoparticles were
collected by centrifugation (16000 rpm, 5 min, Beckman
Allegrab4R, USA), and washed three times with absolute
ethanol. Then, the PAA-ACP nanoparticles were dried under
vacuum at 30 °C overnight. Finally, the PAA-ACP nanoparticles
were analyzed by scanning electron microscopy (SEM, HITACHI,
SU8010, Tokyo, Japan), Fourier transform infrared
spectroscopy (FTIR, Spectrum 400, Perkin-Elmer, USA),
transmission electron microscopy (TEM, JEM-1230, JEOL,
Tokyo, Japan) and X-ray diffraction (XRD, Rigaku D/MAX-
2550pc, Japan).

2.2 Preparation of the experimental adhesive

One-bottle mild self-etch adhesive Clearfil S3 Bond (S3,
Kuraray-Noritake, Japan) was used as control. A fluorescent
mineralizing adhesive as an experimental adhesive was
prepared by the incorporation of 25 wt % of PAA-ACP
nanoparticles and 1 wt % of sodium fluorescein into the
adhesive S3.

2.3. Fluorescence test

2.3.1 Fluorescence qualitative test

Two occlusal surfaces of human third molars were applied
either with the adhesive S3 or with the experimental adhesive,
agitated for 20 s, air-dried for 10 s, and light-cured with a LED-
blue light-curing unit (Woodpacker, 1500 mW/cmZ, China) for
40 s, each quadrant for 10 s, respectively. Then the photos of
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two occlusal surfaces were taken 30 cm away from the
occlusal surfaces with a camera (Nikon, Viltrox JY-670 Macro
Ring Lite, Japan) through the eye shield when they were
irradiated by the light-curing unit. The fluorescence was blindly
determined by a dentist to read the photos via naked eyes.
2.3.2 Fluorescence intensity qualitative test

The experimental adhesive and the adhesive S3 were each
dropped into a metal ring with an inner diameter of 1 cm and
height of 0.1 mm, light-cured for 40 s, each quadrant for 10 s,
respectively, in order to produce the adhesive films. Forty-
eight films, 24 each adhesive, were prepared. Fluorescence
intensity tests of the all films, six each subgroup, were
performed with fluorescence spectrophotometer (RF-5301PC,
Shimadzu, Japan), immediately, 1, 3 and 6 months after they
were stored in 12 mL of monthly-changed artificial saliva (1.5
mM CacCl,, 0.9 mM KH,PO,, 130 mM KCI, 1.0 mM NaNs3;, and 20
mM HEPES, pH 7.0) at 37°C.

2.4 Mineralization capability of the
experimental adhesive

The mineralization capability of the experimental adhesive was
determined using reconstituted type | collagen fibrils,
demineralized enamel and dentin disks. The preparation of the
reconstituted type | collagen fibrils, the demineralized
enamel/dentin disks and their remineralization samples for
TEM, confocal laser- scanning microscopy (CLSM) and X-Ray
Diffraction (XRD) were described in the ESIt.

2.4.1 Mineralization of reconstituted type I collagen fibrils

A total of 24 collagen-coated grids were prepared and
randomly divided into two groups. A cross was gently brushed
on a collagen-coated grid either with the adhesive S3 or with
the experimental adhesive, gently air-dried and light-cured,
respectively (Fig. 1B). Four grids each group floating upside-
down on 60 pL of artificial saliva were incubated in a 100% of
humidity chamber at 37 °C for 1, 4, and 7 days before they
were retrieved, and rinsed with deionized distilled water, 50%
of ethanol and absolute ethanol in turn. Then they were dried
in the air, and analyzed by TEM (JEM-1230, JEOL, Tokyo, Japan)
with selected area electron diffraction (SAED) and high
resolution transmission electron microscopy (HRTEM, JEM-
2100F, JEOL, Tokyo, Japan) with Mapping.

2.4.2 Mineralization of demineralized enamel and dentin

The demineralized enamel/dentin disks (n=20) were applied
either with the adhesive S3 or with the experimental adhesive,
agitated for 20 s, gently air-dried for 10 s, and light-cured for
40 s, respectively. Subsequently, all samples, four each
subgroup, were incubated in 4 mL of weekly-changed artificial
saliva in a 100% of humidity chamber at 37 °C for 2 and 4 wks
before they were retrieved and prepared for ultrathin
sections. Finally, they were analyzed with TEM, SAED, HRTEM
and Mapping. The surfaces of another four enamel/dentin
samples were further analyzed by CLSM and XRD, immediately
and 4 wks of storage in artificial saliva after the demineralized

This journal is © The Royal Society of Chemistry 20xx
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enamel and dentin surfaces the

experimental adhesive.

were applied with

2.5. Cytotoxicity test

The cytotoxicity of the experimental adhesive was assessed by
Cell Counting Kit-8 (CCK-8) assay (Beyotime, Shanghai, China).
The above-mentioned adhesive films prepared at different
concentrations of 1, 2, 4 mg/mL were incubated in Duibecco's
modified Eagle's medium (DMEM, Gibco, USA), which was
supplemented with 10% of fetal bovine serum (FBS, Gibco,
USA) at 37 °C for 24 hrs to obtain leach solutions. Then, the
L929 cells (Shanghai Cell Collection, China) were seeded in 96
well plates with a density of 1.0 x 104/weII and allowed 24 hrs
to adhere to the surface of each well. Subsequently, the
attached cells were incubated at 37°C in humidified 5% CO2
atmosphere with the different leach solutions for 24 hrs .
Afterwards, 10 pL CCK-8 was added into each well and
incubated for another 2-3 hrs. The absorbance at 450 nm was
measured with a microplate reader (Bio Tek Eon) for six times.

Results and Discussions

3.1 Characterization of PAA-ACP nanoparticles

ACP nanoparticles are believed to be unstable in solution due
to easy transformation to HAp.31 They could be stabilized by

o 7'_' s ~3 . —
-1
1050cm d
580cm-1 ]
10 20

1000 800 600 30 1 50
Wavenumber (cm'1. 28

Absorbance (A.U.)O
Intensity(A.U.)

1200

Fig. 2 Characterization of PAA- ACP nanoparticles. a: SEM image shows that the round
PAA-ACP nanoparticles cluster together. b: TEM image shows that the PAA-ACP
nanoparticles are in a diameter of approximately 20-50 nm. c: FTIR Spectrum of PAA-
ACP nanoparticles shows two characteristic absorption peaks PO,> at 1050 cm™ and
580 cm . d: XRD indicates an amorphous state of PAA-ACP nanoparticles at 26=30°.

NCPs, inorganic ions and surface modification in a metastable
phase.g' 3233 The SEM and TEM images show that PAA-ACP
nanoparticles are spherical particles with a diameter of
approximately 20-50 nm (Fig. 2 a, b). According to a previous
study, ACP nanoparticles smaller than 40 nm could easily
infiltrate into the gap zone of collagen fibrils, in which they

J. Name., 2013, 00, 1-3 | 3


http://dx.doi.org/10.1039/c8nr02078g

Published on 10 August 2018. Downloaded by Zhejiang University on 9/6/2018 4:01:51 PM.

Nanoscale

could initiate nucleation formation of HAp.34 Thus, it is inferred
that most of PAA-ACP nanoparticles (20-50 nm) in this study
could penetrate into the gap zone of collagen fibrils to form
the intrafibrillar mineralization.* The FTIR spectrum of PAA-
ACP nanoparticles reveals two characteristic absorption peaks
of PO437 at 1050 cm™ and 580 cmfl(Fig. 2 c). A single peak at
580 cm™ is the characteristic of the amorphous phase (Fig. 2
c). Once ACP has been transformed to HAp, the peak at 580
em™ will be split into two peaks at 600 em™ and 560 cm™.1°
The XRD spectrum of PAA-ACP nanoparticles shows a broad
peak of 26=30°, also indicating the amorphous phase (Fig. 2
d).36 Taken together, PAA-ACP nanoparticles in this study were
believed to be in a metastable phase at the initial stage of

. . . 3,10
mineralization.

3.2 The qualitative and quantitative fluorescence
tests of the experimental adhesive

Photographs of two occlusal surfaces reveal that the occlusal
surface treated with the experimental adhesive looks yellowish
under natural light along occlusal fissures, and obviously
fluorescent along occlusal fissures through an eye shield under
the LED-blue light (Fig. 3 a, b), while the occlusal surface
treated with the adhesive S3 looks a little bit yellowish but no
visibly fluorescent (Fig. 3 b, d). The retention of dental
restorative materials is directly associated with the
effectiveness in caries prevention.zs‘ Bt s very easy for
dentists to detect the retention of the fluorescent tooth-
colored restorative materials.

600 650 700
Excitation wavelengh (nm)

Fig. 3 Two occlusal surfaces treated with the experimental adhesive (panels a and b) or
the adhesive S3 (panels c¢ and d). The fluorescence intensity (Means) of the
experimental adhesive and adhesive S3 films were measured, immediately, and 1, 3
and 6 months after storage in artificial saliva (panel e). Red line: the experimental
adhesive. blue line: adhesive S3.

The fluorescence intensity of the experimental adhesive
did not dramatically decrease within 6 months (Fig. 3, e, red
lines). The fluorescence of adhesive S3 was not detected (Fig.
3, e, blue lines). Sodium fluorescein has six different
tautomers, and each tautomer is in a condition of acid-base
equilibrium.39 When the concentration of dianion in all
tautomers gradually increases with the increase of pH values in
the solution, the laser energy conversion efficiency of sodium
fluorescein solution will be increased with the increasing
dianion. ** *° The fluorescence intensity of the light-cured,
acidic experimental adhesive increased at the first 3 months,

4| J. Name., 2012, 00, 1-3
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and slightly decreased at the end of sixth month (Fig. 3 e). It is
completely consistent with the inference based on increasing
concentrations of dianions of sodium fluorescein,”'41 in which
the pH value of the self-etch adhesive was increased with the

polymerization of the adhesive.

3.3 Mineralization of reconstituted type |
collagen fibrils

The reconstituted type | collagen covered on the grids has
been used as an ideal model for rapid screening of
mineralization potentials (Fig. Sl).s' * The TEM images reveal
that type | collagen fibrils became significantly thicker after the
grids treated with the experimental adhesive were incubated
in artificial saliva for 1 day (Fig. 4 a, b). PAA-ACP nanoparticles
were seen adhering to the external side of the type | collagen
fibrils (Fig. 4 a, b). The banding structure of type | collagen
fibrils was visible (Fig. 4 b). The SAED pattern reveals an
amorphous state (Fig. 4 b). After 4 days of incubation, most of
the intra- and extra-fibrils were mineralized (Fig. 4 c, d). PAA-
ACP nanoparticles might infiltrate into collagen gap zone and

Fig. 4 TEM images of the mineralization of the reconstituted type | collagen fibrils. A
cross was painted on a collagen-covered grid with the experimental adhesive and light-
cured. The grids were incubated in artificial saliva for 1 (panels a, b), 4 (panels c, d) and
7 (panels e, f) days. The collagen fibrils were attached by a small amount of ACP
nanoparticles (panels b, black arrow). The SAED patterns (insets in panels b) indicate
that the mineral phase was non-crystalline. Most of the collagen fibrils were
mineralized after 4-day incubation (panels c, d), and extrafibrillar mineralization also
occurred (white arrow). Almost all of the collagen fibrils were mineralized after 7-day
incubations (panels e, f) Black arrow shows the crystallites are aligned along the
longitudinal axis of the collagen fibrils (panel f). The SAED patterns (insets in panels d, f)
indicate that the intrafibrillar mineral phase is apatite. HRTEM images of the 7-day
samples indicate two interplanar spacing: 0.34 nm and 0.28 nm (panel g). The mapping
of collagen fibrils of the 7-day samples indicate the homogenous distribution of calcium
and phosphate elements (panel h)

transform to HAp. The type | collagen fibrils were heavily
mineralized after incubation for 7 days (Fig.4 e, f). The HAp
grew along the longitudinal axis of the collagen fibrils (black
arrow) and filled the whole intrafibrillar spaces (Fig. 4 f). The
banding structure of collagen became undistinguished due to
the heavy mineralization (Fig. 4 e, f). The SAED patterns show
that the c-axis of the intrafibrillar minerals was oriented along

This journal is © The Royal Society of Chemistry 20xx
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the collagen axis within the 002, 004 and 211 planes (Fig. 4,
insets in panels d, f). The results of TEM and SAED in this study
are complete in agreement with the previous report.42 HRTEM
of the remineralized collagen shows inter-planar spacing of
approximately 0.34 nm and 0.28 nm (Fig. 4 g).43 This is
completely consistent with the lattice fringes of 002 and 211
planes (Fig. 4 f), respectively. The mapping of the 7 days of
mineralization collagen area also indicates that calcium and
phosphorus elements were overlapped with each other, and
uniformly distributed throughout the whole collagen fibrils
(Fig. 4 h).

The findings in this study are fully consistent with the
previous reports concerning intrafibrillar mineralization of
collagens.“'44 In addition, mineralization was not detected in
the control group (S3), which might be resulted from the lack
of nanoprecursors such as PAA-ACP nanoparticles (Fig. 52).45
We confirmed our previous report concerning self-etch
adhesive as a carrier for ACP nanoprecursors to deliver the
biomimetic mineralization.?’ Furthermore, PAA-ACP
nanoparticles also play a positive role in the
remineralization process. The ACP particles have been believed
to serve as a reservoir of calcium and phosphate.46 It is
reasonably assumed that other ACP nanoparticles such as the
PAA-ACP nanoparticles could also induce the extra- and intra-
fibrillar mineralization along with the self-etch adhesive used
as a universal carrier. Moreover, sodium fluorescein in the
experimental adhesive not only did not interfere with the
potential mineralization of collagen fibrils induced by PAA-ACP
precursors (Fig. 4 c-f), but also could be easily detected in
clinical condition (Fig. 3).

could

3.4 Mineralization of the Teeth

For enamel mineralization, Fig. 5 a, b reveals that amount of

Fig. 5 TEM images of enamel treated with the experimental adhesive after 2 wks
(panels a, b) and 4 wks (panels c, d) of storage in artificial saliva. White arrow indicates
that ACP nanoparticles aggregate each other. Black arrow indicates that some ACP
nanoparticles have became larger, some of which have transformed into HAp. SAED
pattern shows the discrete ring patterns with the characteristic of hydroxyapatite
(insets in panel b). A mineralized layer in situ is visible on the surface of the
demineralized enamel (panels c, d). The SAED patterns reveal the 002, 004 and 211
rings (insets in panel d). HRTEM of 4-wk samples indicates two inter planar spacing:
0.34 nm and 0.28 nm (panel e). The mapping of 4-wk samples shows uniform
distribution of Ca and P elements (panel f). E: enamel; A: adhesive; R: remineralization
layer.

This journal is © The Royal Society of Chemistry 20xx

ACP nanoparticles are visible within the experimental adhesive
layer, some of which have been transformed to HAp after 2-wk
incubation (Black arrow in panel b). SAED pattern (insert in Fig.
5 b) reveals that the discrete ring patterns are characteristic of
hydroxyapatite. A remineralization layer of approximately 200
nm in the vicinity of the enamel was detectable after 4-wk
incubation (Fig. 5 ¢, d). The remineralization layer might be
attributable to the transformation of ACP nanoparticles.47 The
SAED pattern (inserts in Fig. 5 d) shows the rings of the 002,
004 and 211, indicating crystalline phase.
mineralization, the TEM images show that a remineralization
layer was increased from approximately 100~200 nm to
400~500 nm on the base of
demineralized dentin treated with the experimental adhesive
was incubated for 2 and 4 wks (Fig. 6 a-c, d-f). The SAED
patterns (inserts in Fig. 6 c, f) show the discrete rings of 002,
211, and 004, indicating crystallite phase. The enamel and
dentin samples incubated for 4 wks were further analyzed by

For dentin

intact dentin after the

HRTEM. The HRTEM images indicate two interplanar spacing:
0.34 nm and 0.28 nm, which are consistent with HAp lattice
plane of 002 and 211 (Fig. 5e. 6 g).43 The Mapping also shows
the uniform distribution of calcium and phosphorus elements
(Fig. 5 f, 6 h). However, the remineralization layer was not
group (adhesive S3) the
demineralized enamel/dentin samples were incubated for 2
and 4 wks (Fig. S3, S4). Thus, the limited calcium and
saliva could not

found in the control after

phosphate ions in the artificial induce
mineralization in the control group since the amount of ACP is

directly associated with the nucleation of HAp.48

Fig. 6 The TEM images of demineralized dentin treated with the experimental adhesive

after 2 wks (Panels a-c) and 4 wks (Panels d-f) of storage in artificial saliva. Panels b, e
and ¢, f are the magnified views of panels a, d within red squares, respectively. The
remineralization layer was increased from approximately 100-200 nm (2 wks) to 400-
500 nm (4 wks). The SAED patterns (insert in panels c, f) reveal the characteristics of
crystallites with the diffraction rings 002, 004, 211. A: adhesive. T: dentin tube. DD:
demineralized dentin. ID: intact dentin. RD: remineralization dentin. HRTEM of 4-wk
samples shows two interplanar spacing: 0.34 nm and 0.28 nm (panel g). The mapping
of 4-wk samples reveals the uniform distribution of calcium and phosphorus (panels h).

PAA-ACP nanoparticles attached to the enamel surface by
means of the experimental adhesive could form an immediate
protective layer and gradually initiate nucleation in situ to be
converted to HAp via solid-solid transformation.”® The

hydrophilic monomers of the adhesive such as hydroxyethyl

methacrylate (HEMA) could adsorb water to produce
hydrophilic zone at the interfaces of adhesive-
50, 51

enamel/dentin. The ACP nanoparticles might be stabilized
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by PAA at the initial stage, and gradually transformed to HAp
in situ in the hydrophilic zone. This process was similar to a
previous report that a solid-solid in situ transformation layer
was detected on enamel surface.®® This enamel
remineralization process might undergo as follows: PAA-ACP
nanoparticles aggregated each other at initial stage (Fig. 5 b
white arrow). Subsequently, they became larger, some of
which gradually transformed into nanocrystals (Fig. 5 b black
arrow). The primary nanocrystals were closely stuck to each
other and self-assembled into needle-like HAp by mediation of
the PAA (Fig. 5 d). Finally, they formed a mineralized layer
composed of needle-like HAp on the surface of the
demineralized enamel (Fig. 5 c, d). This process is the same as
the solid-solid phase transformation of amorphous calcium
carbonate (ACC).53'55

On the contrary, the demineralized dentin might be
remineralized in dissolution-reprecipitate process.56 Since
solid ACP nanoparticles (40 nm) were not detected midway
between the experiment adhesive layer and the
remineralization layer (Fig. 6 a-f). This remineralization process
of the demineralized dentin in this study might undergo as
follows: ACP nanoparticles were dissolved into calcium and
phosphate ions. Subsequently, the ions could be attracted by
counterpart ions (nucleation sites) to migrate through the
demineralized collagen layer to the bottom of the
demineralized dentin. Finally, they self-assembled to form
nanocrystallites under the mediation of the PAA. Afterward,
nanocrystallites gradually transformed into crystallites to form
complete intra-fibrillar mineralization of dentin collagens.“'56
According to previous study, for enamel, the crystallite seeds
are homogeneous HAp.57 The crystallites directly nucleated
and grew on the surface of the enamel HAp crystallites in
inorganic environment.*® However, the remineralization of the
demineralized dentin were based on the collagen matrix,
which is an organic-mediated process with heterogeneous
crystallite seeds.”® These findings in this study further
confirmed the different remineralization processes of enamel
and dentin when the fluorescent mineralizing self-etch
adhesive used. However, the detail molecular mechanism of
crystallization process of ACP nanoparticles into HAp needs to
be further studied. Furthermore, the remineralization layers of
enamel and dentin in this study were not exactly the same as
micro-structure and density of natural enamel and dentin (Fig.
5, 6). It might be resulted from the limited amounts of ACP
nanoparticles in one layer of adhesive.*®

The CLSM images of the enamel/dentin samples show the
fluorescent adhesive penetrates into approximately 20-30 um
of the demineralized enamel and approximately 50-60 um of
the demineralized dentin. Thus, ACP nanoparticles can
penetrate into the demineralized enamel/dentin along with
the adhesive at the initial stage of the remineralization, which
is beneficial to induce teeth mineralization (Fig. S5). However,
the boundaries between the original teeth and the
remineralized layer could not be detected by the CLSM due to
the nanoscale remineralization in this study (Fig. S5 b, d).
Contrarily, the XRD spectra of re- and de-mineralized enamel
and dentin indicate the same peaks such as 002, 211, 112 and
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300 (Fig. 7 a, b), demonstrating to be HAp.60 Furthermore,,
XRD spectrum shows a broad peak at 26 = 20-30° immediately
after the demineralized enamel and dentin surfaces were
applied with fluorescent mineralizing adhesive, indicating that
PAA-ACP nanoparticles within the experimental adhesive were
amorphous phase at beginning of remineraliztion.® Thus, the
XRD spectra further confirm the remineralization on the
surfaces of the de-mineralized enamel/dentin.

a b

21 —e 21

10 20 30 40 50 60 70 10 20 30 40 50 60 70
20 28

Fig. 7 XRD spectra of the de- and re-mineralized enamel/dentin disks. The de-
mineralized enamel/dentin disks were etched with 37% of phosphoric acid, enamel (E1)
for 30 s and dentin (D1) for 10 s. The enamel/dentin samples were determined by XRD,
immediately after etching (E1, D2), immediately (E2, D2) and 4 wks of storage in
artificial saliva (E3, D3) after they were applied with the experimental adhesive. a:
enamel. b: dentin

Taken together, the TEM, HRTEM, SAED, Mapping images
and XRD patterns confirmed that the nanocrystallites in the
remineralization layer were HAp. The degree of collagen
mineralization could be increased with the increasing amount
of ACP nanoparticles in the self-etch adhesive (Fig. S 6). That
imply that the novel fluorescent adhesive-assisted biomimetic
remineralization strategy might be promising for prevention
and reversal of non-cavitation lesions.

3.5 The cytotoxicity of the experimental adhesive

As cytotoxicity test is a key step in assessing the
biocompatibility of materials in biomedical applications. The
results of CCK-8 assay show that the experimental adhesive is

140 5 Adhesive S3
[ Experiment adhesive
120

=
=
S

Cell Viability(%)

6 & & & & @
& @@ @S

Concentraions of the adhesives

Fig. 8 Cytotoxicity of the films of the experimental adhesive and the adhesive S3 at
different concentrations.

non-cytotoxic and good biocompatible (Fig. 8). This study is
. . . . 62,63
completely consistent with previous studies,
demonstrating that the adhesive materials containing ACP
nanoparticles possess the favorable biocompatibility.

3. Conclusions

This journal is © The Royal Society of Chemistry 20xx
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According to the limited data in this study, the conclusions
could be drawn as follows: The novel fluorescent adhesive-
assisted biomimetic mineralization strategy, based on the
fluorescent mineralizing adhesive composed of 25 wt % of
PAA-ACP nanoparticles, 1 wt % of sodium fluorescein and the
mild self-etch adhesive (Clearfil S3 Bond), could induce the
extra- and intra-fibrillar remineralization of the reconstituted
type | collagen, the demineralized enamel and dentin as well
as possess the excellent biocompatibility and the detectable
fluorescence of the minimal esthetic interference of tooth
color. This strategy will pave the way to design and produce
anti-carious materials for the prevention of dental caries.
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